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Preface 


The  13th  International  Symposium  on  Gallium  Arsenide  and  Related  Compounds  was 
held  in  Las  Vegas,  Nevada  from  September  28  through  October  1,  1986.  There  were 
360  participants  from  15  countries. 

There  were  180  regular  papers  and  16  late  news  papers  submitted  from  which  the 
Technical  Program  Committee  selected  91  regular  papers  and  8  late  news  papers  to  be 
presented  at  the  conference.  In  addition  to  the  submitted  papers,  there  was  a  plenary 
session  with  three  invited  speakers. 

The  papers  from  the  plenary  session  are  in  Chapter  1.  The  submitted  papers  are 
arranged  in  the  remaining  seven  chapters.  The  late  news  papers  are  included  in  the 
chapters  dealing  with  their  subject.  As  an  example,  the  work  on  quantum  well 
structures  is  included  in  the  chapter  with  that  name  as  well  as  the  chapters  on 
high-speed  devices,  optical  sources,  characterisation  and  epitaxial  growth.  Readers 
looking  for  papers  on  a  particular  topic  are  encouraged  to  explore  chapters  on  related 
subject  areas. 


W  T  Lindley 
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GaAs  Symposium  Award  and  Heinrich  Welker 
Gold  Medal 


The  Gallium  Arsenide  Symposium  Award  was  initiated  in  1976.  Candidates  for  the 
Award  are  selected  by  the  GaAs  Symposium  Award  Committee  from  those  who  have 
distinguished  themselves  in  the  area  of  111  -V  compound  semiconductors.  The  Award 
consists  of  $1000  and  a  plaque  citing  the  recipient’s  contribution  to  the  field.  In 
addition,  the  Heinrich  Welker  Gold  Medal,  sponsored  by  Siemens,  is  also  presented  to 
the  award  recipient. 

The  1976  Award  was  presented  to  Nick  Holonyak  of  the  University  of  Illinois  for  his 
work  leading  to  the  development  of  the  first  practical  light-emitting  diodes  and  his 
continuing  research  on  111-V  compound  semiconductors.  The  second  Award  was 
received  by  Cyril  Hilsum  of  the  Royal  Signals  and  Radar  Establishment  (now  at  GEC 
Research  Laboratories)  for  his  contributions  in  the  field  of  transferred-electron  logic 
devices  and  the  advancement  of  GaAs  MESFETs.  In  1981  the  Award  and  Medal  were 
presented  to  Gerald  L  Pearson,  Stanford  University,  for  his  research  and  teaching  in  the 
field  of  compound  semiconductor  physics  and  new  device  technology.  In  1982  the 
Award  and  Medal  were  presented  to  Herbert  Kroemer,  University  of  California  at 
Santa  Barbara,  for  his  contributions  to  hot-electron  effects,  the  Gunn  Oscillator,  and 
111-V  heterojunction  devices  including  the  heterojunction  laser.  The  1984  Award  and 
Medal  were  presented  to  Izuo  Hayashi  (now  at  Optoelectronics  Joint  Research 
Laboratories)  for  his  contributions  to  the  development  and  understanding  of  room 
temperature  operation  double-heterojunction  lasers.  In  1985  the  recipient  was  Heinz 
Beneking,  Technical  University  of  Aachen,  in  recognition  of  his  distinguished 
contributions  to  the  development  of  II I  -  V  compound  semiconductor  technology  and 
new  structure  devices. 

At  this  conference,  the  1986  GaAs  Symposium  Award  and  Medal  were  presented  to 
Alfred  Y  Cho,  AT&T  Bell  Laboratories,  for  his  pioneering  work  in  the  development  of 
molecular  beam  epitaxy  and  his  contributions  to  Ill-V  compound  semiconductor 
research. 


Alfred  Y  Cho  is  Head  of  the  Electronics  and  Photonics  Materials  Research  Department 
of  AT&T  Bell  Laboratories,  Murray  Hill,  New  Jersey.  He  received  a  BS,  MS  and  PhD 
in  Electrical  Engineering  from  the  University  of  Illinois  in  1960,  1961  and  1968, 
respectively.  He  joined  AT&T  Bell  Laboratories  in  1968  where  he  pioneered  the 
development  of  molecular  beam  epitaxy  (MBE).  He  has  published  more  than  200 
scientific  and  technical  papers  and  holds  27  patents  related  to  MBE.  His  original  work 
included  observation  of  surface  reconstruction  during  crystal  growth.  He  also  defined 
the  Ga-  and  As-stabilised  surface  structures  of  GaAs  which  led  to  the  first  con¬ 
struction  of  a  surface  phase  diagram.  Other  topics  include  the  first  demonstration 
of  an  MBE  superlattice  structure,  the  first  application  of  MBE  to  microwave  devices, 
such  as  FETs,  Mixer  and  IMPATT  diodes,  and  the  fabrication  of  optical  devices,  such 
as  the  laser,  LED  and  photodetectors. 

Dr  Cho  was  elected  to  membership  in  both  the  National  Academy  of  Sciences  and  the 
National  Academy  of  Engineering.  He  is  a  Fellow  of  the  Institute  of  Electrical  and 
Electronics  Engineers  and  the  American  Physical  Society.  He  was  the  recipient  of  the 
Electrochemical  Society  Electronics  Division  Award,  the  American  Physical  Society 
International  Prize  for  New  Materials,  and  the  IEEE  Morris  N  Liebmann  Award. 


Young  Scientist  Award 


The  International  Advisory  Committee  of  the  GaAs  Symposium  has  established  a 
Young  Scientist  Award  to  recognise  technical  achievements  in  the  field  of  III-V 
compound  semiconductors  by  a  scientist  under  the  age  of  40.  The  award  consists  of 
$1000  and  a  plaque  citing  the  recipient’s  contributions.  The  first  Young  Scientist  Award 
was  presented  at  the  1986  Symposium  to  Russell  D  Dupuis  for  his  work  in  the  develop¬ 
ment  of  organometallic  vapour  phase  epitaxy  for  HI  -  V  compound  semiconductors. 


After  earning  his  PhD  in  Electrical  Engineering  in  1973  at  the  University  of  Illinois 
at  Urbana-Champaign,  Russell  Dupuis  joined  the  Semiconductor  Research  and 
Development  Laboratory  of  Texas  Instruments  in  Dallas,  Texas  where  he  worked  on 
liquid-phase  epitaxy  of  GaAs  and  GaP  for  LED's.  He  joined  the  Electronics  Research 
Division  of  Rockwell  International  in  1975  where  he  worked  on  MOCVD  of  GaAs  and 
AIGaAs  for  lasers  and  solar  cells.  In  1979,  he  joined  the  Solid  Stale  Electronics 
Research  Laboratory  of  AT&T  Bell  Laboratories.  He  has  continued  his  work  on 
MOCVD  growth  of  III  -  V  compound  semiconductors,  including  GaAs,  AIGaAs,  InP, 
InGaAs  and  InGaAsP  materials.  He  was  promoted  to  Distinguished  Member  of  the 
Technical  Staff  of  Bell  Labs  in  1985.  For  his  work  in  developing  the  MOCVD  process, 
he  was  given  the  IEEE  Morris  Liebmann  Award  in  1985. 
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Atomic  layer  epitaxy 


H.  Watanabe  and  A.  Usui 

Fundamental  Research  Laboratories,  NEC  Corporation 
1-1,  Miyazaki  4-chome,  Miyamae-ku,  Kawasaki,  Japan 


Abstract.  Atomic  layer  epitaxy  (ALE),  a  new  growth  technique  with  control  at 
the  monolayer  level,  is  reviewed  with  reference  to  the  importance  of  the  degree 
of  surface  coverage  (6)  of  the  adsorbed  vapor  species.  In  ALE  growth  of  GaAs 
using  a  metal  chloride  (GaCI)  process,  0  is  observed  to  be  unity  and  insensitive 
to  the  GaCl  partial  pressure  and  substrate  temperature.  A  similar  result  is 
obtained  in  ALE  ^owth  using  a  metalorganic  source  such  as  Ga(CH3)3,  but 
under  more  restricted  conditions.  We  call  these  ALE  processes  “digital 
epitaxy”  because  precise  control  of  analogue  parameters  such  as  pressure, 
temperature  and  growth  time  is  not  required.  In  comparison  with  MBE  and 
MOCVD,  ALE  offers  advantages  of  greater  thickness  uniformity,  fewer 
surface  defects,  less  edge  growth  in  selective  epitaxy,  and  monolayer  control  in 
sidewall  epitaxy.  The  electronic  properties  of  GaAs  grown  by  ALE  are  also 
discussed. 

1.  Introduction 


Various  kinds  of  multilayer  structures  requiring  monolayer-level  control  have 
been  proposed  for  high  speed  or  optical  devices.  At  present,these  devices  are 
discussed  in  discrete  forms  but,  they  will  be  eventually  integrated  to  higher 
performance  functional  ICs.  Atomic  layer  epitaxy  (ALE),  originally  proposed  by 
Suntola  et  al  (1980),  seems  to  be  attractive  as  an  epitaxial  technique  to  make 
such  monolayer-level  controlled  1C  wafers  because  of  its  potentially  unique 
characteristics. 

The  present  paper  describes  (1)  the  principle  and  the  current  status  of  GaAs  ALE 
with  reference  to  the  importance  of  the  degree  of  surface  coverage  (0)  of  the 
adsorbed  vapor  species,  (2)  the  proposal  of  the  novel  idea  “digital  epitaxy",  (3) 
unique  advantages  of  ALE  over  MBE  or  MOCVD,  and  (4)  some  electronic 
properties  of  GaAs  grown  by  ALE. 

2.  Principle  and  review  of  GaAs  ALE 

A  general  review  was  recently  made  for  ALE  of  11-Vl  and  lll-V  compounds 
(Goodman  and  Pessa  1986).  Therefore  the  present  paper  focuses  on  such  topics  as 
GaAs  ALE  (including  the  latest  papers)  and  concentrates  on  the  study  of  the 
surface  coverage  kinetics  and  also  unique  advantages  of  ALE. 

Figure  1  shows  a  single  sequence  in  GaAs  ALE.  An  essential  point  in  ALE  is  the 
alternative  supply  of  two  kinds  of  source  gases,  such  as  trimethylgallium  (TMG) 
and  AsHs  (Nishizawa  et  al  1985,  Bedair  et  al  1985,  Doi  et  al  1986a,  Mori  et  al 
1986),  triethylgallium  (TEG)  and  AsH3  (Nishizawa  et  al  1986,  Kobayashi  et  al 
1985),  or  GaCl  and  AsHs  (Usui  and  Sunakawa  1986a,  1986b).  Although 
adsorbed  vapor  species  in  step  1  have  not  been  identified,  they  are  considered  to 
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Fig.  1  Sequence  of  GaAs  ALE 


be  organic  gallium  radicals  containg  mono-  or  di-methyl  molecules  in  TMG-ALE 
(Nishizawa  and  Kurabayashi  1986,  Tischler  and  Bedair  1986,  Bedair  et  al  1986). 
In  GaCl-ALE,  it  is  believe  that  the  GaCl  source  gas  is  directly  adsorbed  on  the 
substrate  surface  on  the  basis  of  the  growth  kinetic  studies  of  GaAs  chloride 
transport  VPE  (Shaw  1975  ,  Cadoret  and  Cadoret  1975).  A  crucial  factor  in  ALE 
as  a  monolayer-accurate  growth  method  is  the  surface  coverage  (0)  of  the 
adsorbed  vapor  species.  The  surface  coverage  after  the  purge  process  (step  2) 
must  be  kept  unity  in  order  to  achieve  the  monolayer  abruptness.  Since  no  direct 
measurement  has  been  made  of  the  surface  coverage  after  (or  before)  the  purge 
step,  we  estimate  the  surface  coverage  from  the  grown  thickness  per  single  ALE 
cycle,  i.e.  the  total  grown  thickness  divided  by  the  number  of  ALE  cycles. 

Figure  2  shows  grown  thickness  per  cycle  as  a  function  of  the  partial  pressures  of 
TMG,  TEG  and  GaCl  source  gases.  In  TMG-ALE  by  Nishizawa  et  al  (1985)  (they 
call  it  MLE:  molecular  layer  epitaxy)  growth  was  carried  out  in  vacuum 
chamber,  while  all  the  other  ALE  works  were  done  in  Ha  carrier  gas  CVD 
systems  at  total  pressures  of  760  Torr  (Tischle.',  Doi,  Usui),  90  Torr  (Kobayashi) 
and  100  Torr  (.Mori).  Tischler  et  al  used  a  type  of  reactor  whose  substrate  holder 
makes  it  difficult  to  determine  T.MG  partial  pressure  over  the  substrate,  which, 
therefore,  is  plotted  as  half  of  that  in  the  TMG  inlet. 


Fig.  2  Source  gas  pressure  dependence  of  AI.E  growth 

Nishizawa  et  al  observed  that  grown  thickness  per  cycle  saturates  to  a  value 
smaller  than  the  monolayer  thickness  of  2.83A.  This  may  be  due  to  insufficient 
supply  of  AsHs  in  step  3.  By  increasing  the  AsH,?  partial  pressure  it 
approaches  2.83A.  Similar  saturation  was  observed  in  ALE  by  Tischler  et  al.  As 
di  sciissed  by  Nishizawa  and  Kurabayashi  (1986)  and  Tischler  and  Bedair  (1986) 
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there  must  be  a  self-limiting  process  in  TMG-ALE,  but  the  saturation  seems  to  be 
not  perfect.  A  similar  result  is  also  obtained  by  Mori  et  al  (1986). 

Doi  et  al  (1986a)  found  that  no  growth  takes  place  if  the  substrate  temperature  is 
lowered  to  400'’C.  They  irradiated  the  substrate  with  an  Ar-laser  light  to 
enhance  the  TMG  decomposition  on  the  surface,  and  obtained  a  cycle  thickness  of 
2.83A.  They  explained  their  series  of  experiments  that  Ar-laser  light  decomposes 
TMG  to  gallium  atom  at  limited  surface  sites  (arsenic  sites)  which  are  decreased 
with  increase  of  adsorbed  gallium  and  no  more  decomposition  nor  radical 
adsorption  occurs  after  the  complete  monolayer  coverage  of  gallium  atoms.  They 
named  this  particular  ALE  process  “SME  by  SL-MOVPE”  (stepwise  monolayer 
epitaxy  by  switched-laser  M(3VPE). 

TEG-ALE  by  Kobayashi  et  al  (1985)  exhibits  no  saturation  in  the  growth 
thickness  per  cycle  indicating  the  absence  of  the  self-limiting  mechanism.  TEG 
is  thermally  unstable,  and  homogeneous  pyrolytic  decomposition  by  the  P- 
elimination  mechanism  starts  at  300°C  or  below  (Yoshida  et  al  1985).  No  stable 
adsorbed  radical  is  generated  after  TEG  decomposition,  which  leads  to  adsorption 
of  gallium  atoms  on  gallium  atoms,  resulting  in  6>1. 

Usui  and  Sunakawa  (1986a)  carried  out  GaCl-ALE  and  observed  no  GaCl 
pressure  dependence,  from  which  they  conclude  that  GaCl  adsorption  is  very 
stable,  and  no  decomposition,  hydrogen  reduction  of  adsorbed  GaCl,  or  adsorption 
on  GaCl  takes  place,  resulting  in  unity  coverage  of  GaCl. 

3.  Surface  coverge  in  ALE 
a.  Adsorption  mechanism 

The  depenedence  of  the  surface  coverage  (0)  of  adsorbed  vapor  species  on  its 
partial  pressure  (P)  has  been  interpreted  by  several  different  formulae  such  as 
Henry’s  Eq.  0<*P,  Freundlich’s  Eq,  0<jtPl/n  (n:  integer),  or  Langmuir’s  Eq. 

0  =  KP'(1+KP),  . (1) 

where  K,  the  adsorption  constant,  is  a  function  of  temperature  T.  We  assume 
that  the  grown  thickness  per  single  ALE  cycle  is  equivalent  to  the  surface 
coverage  in  step  2  in  Fig.  1.  The  experimental  curves  in  Fig,  2  seem  to  be  well 
explained  by  one  of  those  formulae.  In  order  to  determine  which  adsorption  type 
is  applicable  to  the  above  experiments,  temperature  dependences  are  studied  and 
summarized  in  Fig.  3. 
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Fig.  3  Growth  temperature  dependence  of  ALE  growth 
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Unlike  GaCl-ALE,  all  ALEs  using  metalorganic  sources  (MO-ALE)  show 
increasing  6  with  T  which  is  not  likely  in  the  normal  adsorption  types  described 
above,  where  the  temperature  increase  causes  reduction  in  surface  coverage.  We 
can  not  use  conventional  simple  adsorption  equations  for  MO-ALE.  Although 
more  detailed  study  is  needed,  we  can  say  that  in  MO-ALE  at  least  two  processes 
take  place  simultaneously  on  the  substrate  surface.  One  is  the  thermal 
decomposition  process,  enhanced  by  a  temperature  increase,  which  forms  not 
only  radicals  but  also  atomic  gallium.  The  other  is  the  adsorption  process  where 
adsorbed  species  (radicals  or  gallium  atoms)  are  generated  by  thermal 
decomposition,  and  hence  the  concentration  increases  with  increasing  partial 
pressure  of  source  gases  (TMG)  but  saturates  due  to  the  limited  adsorption  site. 
A  consistent  explanation  for  MO-ALE  in  Figs.  2  and  3  is  possible  in  this  way. 

For  GaCl-ALE  we  assume  that  GaCl  adsorption  obeys  the  Langmuir  Eq.  (1), 
where  0  approaches  unity  by  increasing  P  and  becomes  insensitive  to  not  only  P 
but  also  temperature.  The  adsorption  layer  thickness  measurement  in  chloride 
transport  GaAs  VPE  and  the  surface  coverage  calculation  of  GaCl  by  Cadoret 
(1980)  support  the  Langmuir  mechanism.  The  fact  that  the  grown  thickness  per 
cycle  exhibits  no  dependence  on  GaCl  partial  pressure  and  growth  temperature  is 
well  explained  by  Eq.  (1)  in  the  UmitKP>  >1. 

b).  Coverage  calculation 
Adsorption  constant  K  is  expressed  by 


K  =  exp  (- 


AH  +  T6S 
RT 


)  . 


where  AH  and  AS  are  enthalpy  and  entropy  changes  due  to  the  adsorption,  R  the 
gas  constant.  We  assume  that  AH  of  GaCl  adsorption  is  35.2  Kcal/mol  (Cadoret 
1980)  or  55.7  Kcal/mol  (Korec  1982)  ,  and  AS  is  enthalpy  change  from  vapor  to 
liquid,  22  cal/deg.  At  450°C,  K  =  6.3X105  (Cadoret)  or  1.1X1012  (Korec). 
Therefore,  we  obtain  1—0  =  2X10-3  (Cadoret)  or  lXlO-8  (Korec)  when  GaCl 
pressure  is  1 X  10-4  atm.  Although  the  assumptions  used  here  must  be  discussed 
further,  we  believe  that  the  GaCl  coverage  is  more  than  99%,  which  is  also 
supported  by  extrapolating  the  result  by  Theeten  and  Hottier  (1976). 


4.  Cycle  speed  in  ALE 

One  of  the  disadvantages  in  ALE  is  the  slow  speed  of  a  single  cycle.  In  Table  1, 
calculated  impinging  rates  (Ri)  of  TMG,  TEG  or  GaCl  in  ALE  experiments  are 
shown.  Degrees  of  excess  supply,  Rit/Ns,  are  fairly  large  in  all  ALE  works  where 
t  and  Ns  are  the  exposure  time  and  surface  lattice  sites  of  GaAs  (100),  6.4X1014 
cm -2,  respectiveiy.  This  caiculation  suggests  that  we  can  reduce  the  exposure 
time,  at  least,  by  1~2  orders  of  magnitude.  However,  because  of  the  mechanical 
limit  of  gas  valves  or  the  substrate  transfer  system  and  also  because  of  the  limits 
of  adsorbtion  speed  in  step  1  and  reaction  speed  in  step  3  in  Fig.  1,  it  seems 


Impmpmp  rata 

Expoaura 

Gas 

atmosphara 

Rt 

t 

Ri  t  Ns 

(motaculas  cm- sac)  (sacond) 

Ni«hi2«wa  at  al 

1985 

TMG 

vacuum 

].Oi  to”— 

4 

0.12  —  25 

K Obayashi  at  al 

1805 

teg 

90  Torr  Hj 

IS  17 

XIslO  — 2.2s10 

1 

50  -  350 

Doi  at  ai 

1906 

TMG 

76  Tort  M.. 

IS  18 

S.5I10  —2.5a  10 

1 

8  —  4000 

Usui  at  al 

1986 

GaCl 

760  Torr  M;, 

llJilo''— 

6 

12000 

—  120000 

Table  1  Impinging  rate  in  step  1 
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diiTIcult  to  reduce  the  ALE  cycle  to  less  than  1  second.  1  second  per  monolayer  is 
equal  to  conventional  MBE  or  MOCVD  growth  rates. 


5.  Ditfital  epitaxy 


As  discussed  in  Section  3,  the  surface  coverage  of  adsorbed  species  is  usually  a 
function  of  the  substrate  temperature  and  the  partial  pressure  of  the  adsorbed 
species,  and,  hence,  we  need  precise  controls  of  the  temperature,  the  pressures 
and  the  flow  rates  to  obtain  a  desired  thickness.  On  the  other  hand,  under  the 
particular  conditions  in  Figs.  2  and  3,  the  mwn  thickness  per  cycle  is  not 
dependent  on  source  gas  pressure  and  growth  temperature  and  is  equal  to  a 
monolayer  thickness.  Total  thickness  is  determined  only  by  the  number  of  ALE 
cycles,  and  no  control  of  the  partial  pressures  or  the  growth  temperature  is 
required.  ALE  is  classified  to  analogue  and  digital  ALEs. 


Analogue  ALE:  0  =  f(T,  P,  flow  rates) 
Digital  ALE:  0  ^  f  (T,  P,  flow  rates) 


We  need  digital  ALE  with  0=1.  Digital  ALB  with  0<  1,  which  is  realized  when 
an  adsorbed  species  is  so  large  that  it  covers  more  than  one  lattice  sites,  is  less 
useful  because  a  grown  internee  has  no  atomic  abruptness. 


Since  growth  time  is  irrelevant  in  determining  the  grown  thickness,  now  we  are 
free  from  the  requirement  to  control  any  analogue  quanties  and,  hence,  ALE 
under  this  particular  mode  (digital  ALE)  can  be  called  “digital  epitaxy” 
(Watanabe  1986,  Usui  and  Sunakawa  1986c).  Doi  et  al  (1986c)  also  call  their 
SME  by  SL-MOVPE  digital  epitaxy.  The  advantages  of  ALE  described  below  are 
particularly  clear  under  the  digital  epitaxy  condition.  As  shown  in  Figs.  2  and  3, 
the  range  of  source  gas  pressure  and  growth  temperature  to  assure  digital 
epitaxy  is  remarkably  wide  in  GaCl-ALE  as  compared  with  TMG-ALE. 


6.  Advantages  of  ALE 


a)  Accurate  thickness  control  and  reproducibility 

Tne  grown  thickness  in  digital  epitaxy  is  simply  determined  by  the  number  of 
ALE  cycles.  No  precise  control  of  temperatures,  pressures,  flow  rates  or  growth 
time  is  required.  Furthermore,  no  careful  design  of  reactor,  especially  the 
substrate  holder  and  its  surroundings,  is  necessary  even  for  a  multiwafer 
epitaxial  reactor.  This  situation  is  of  particularly  signiTicance  in  mass- 
production  of  multiple  large  wafers  with  a  high  reproducibility. 


b)  Excellent  thickness  uniformities 
Thickness  nonuniformity  Tn 
conventional  CVD  is  caused  by  the 
non-uniform  boundary  layer 
distribution  along  the  flow 
direction  and  also  by  the  depletion 
effect  of  the  source  gases.  MBE 
needs  substrate  rotation  to 
minimize  inhomogeneous  flux 
distributions.  In  ALE,  the  growth 
rate  is  not  influenced  by  these 
parameters  and  hence  in  principle 
uniformity  must  be  excellent, 
independent  of  the  susceptor 
structure,  flow  pattern  or  flux 
distribution.  This  is  confirmed  in 


Oiitaie*  from  Vw  (rant  •dg*  riong  flow  dbacUon  ( cm ) 


MO-ALE  on  a  3-inch  substrate  by 

Mori  et  al  (1986)  as  shown  in  Fig.  4.  Fig.  4  Thickness  uniformity  by  TMG-ALE 
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Because  of  the  very  narrow  space  between  substrate  and  reactor  wall,  the  non¬ 
uniformity  in  the  conventional  MOCVD  mode  is  particularly  large.  However,  by 
simply  switching  to  ALE  mode,  i.e.  switching  from  simultaneous  to  alternative 
supply  of  TMG  and  AsHa,  the  non-uniformity  is  drastically  improved.  No 
fluctuation  is  observed  within  experimental  error  in  the  ALE  mode,  which 
supports  the  gprowth  kinetics  explained  above. 

c)  ^rror  surface  of  grown  lavera 

ALE  process  in  the  digital  epitaxy  mode  offers  high  quality  mirror  of  grown 
surface.  No  additional  surface  texture  is  observed  after  ALE  growth.  No 
terraces,  hillocks,  or  oval  defects  are  developed  during  digital  epitaxy.  This  is 
confirmed  for  the  substrate  orientations  of  (100),  2°  off  (100),  (511),  (211)  and 
(111)  A,B  (Usui  and  Sunakawa  1986a).  This  is  explained  as  follows.  Because  the 
lattice  sites  are  completely  occupied  with  the  adsorbed  species  (GaCl),  the 
adsorbed  species  are  unable  to  migrate  and  aggregate,  causing  a  irreqularity. 
GaAs  decomposition  is  negligibly  small  at  low  temperatures  of  400~500“C. 

d)  No  edge  yowth  in  selective  epitaxy 

Selective  epitaxy,  mwth  through  the  window  of  a  Si02  mask  on  the  substrate, 
has  been  adopted  for  several  reasons,  for  instance,  to  reduce  source  and  drain 
contact  resistances  in  GaAs  FETs.  In  conventional  epitaxial  methods,  the 
growth  rate  in  the  window  is  enhanced  and  determined  by  the  window  area.  This 
IS  due  to  the  reactant  flow  from  the  mask  surface  to  the  window  area.  Figure  5 
shows  optical  photographs  of  selective  epitaxy  of  source  and  drain  regions  (white 
areas)  in  a  GaAlAs/GaAs  2DEG  FET  (Miyamoto  et  al  1986).  Edge  growth  or 
facet  development  are  frequently  observed  in  conventional  selective  epitaxy  by 
VPE.  GaCl-ALE  in  the  digital  epitaxy  mode  solves  these  problems.  Mirror 
surface  without  edge  growth  nor  facet  development  are  seen  in  ALE.  Grown 
thickness  in  selective  epitaxy  is  readily  controlled  by  the  number  of  ALE  cycles, 
independent  of  the  window  area. 


GaCl-ALE  Hydride  VPE 


Fig.  5  Selective  epitaxy  of  source  and  drain  regions  of  GaAs  2DEG  FET 
e)  Sidewall  epitaxy 

In  CaCl-ALE,  it  was  confirmed  that  a  single  ALE  cycle  offers  a  monolayer  growth 
on  (111)A,B,  (211)  and  (511)  as  well  as  (100)  (Usui  and  Sunakawa  1986a). 
Therefore,  epitaxial  growth  at  the  monolayer  level  on  sidewalls  of  a  structured 
substrate  such  as  shown  in  Fig.  6,  is  possible  if  the  source  gas  partial  pressure  is 
sufficiently  high  for  the  coverage  to  be  unity  on  all  exposed  surfaces  of  the 
fabricated  substrate.  By  carrying  out  such  sidewall  epitaxy  on  a  previously 
processed  epitaxial  multilayer  wafer,  we  can  obtain  three-dimensionally  confined 
low-dimension  structures  for  use  in  novel  devices.  This  is  difficult  to  obtain  by 
MBE  or  MOCVD. 
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Fig.  6  Sidewall  epitaxy 

7,  Electronic  properties  of  GaAs  layers  grown  by  ALE, 

a)  MO-ALE 

GaAs  epitaxial  layers  grown  by  ALE  with  metalorganic  source  gases  frequently 
show  p-type  conduction.  Hole  concentrations  are  10>7~10'9cm- j  with 
mobilities  of  60~200cm2/vsec.  (Nishizawa  et  al  1986,  Doi  et  al  1986b).  To  obtain 
high  purity  n-type  layers,  Kobayashi  et  al  (1985)  introduced  a  small  amount  of 
AsHs  during  the  TEG-exposure  step  (step  1  in  Fig.  1).  They  call  this  technique 
FME  (flow-rate  modulation  epitaxy).  They  succeeded  in  growth  of  n-type 
materials  having  carrier  concentrations  of  10l4~l0l6cm-^  and  mobilities  at  77K 
as  high  as  4.2X10^  cm2/vsec.  They  also  successfully  obtained  a  modulation- 
doped  structure  with  a  2DEG  mobility  of  7x104  cm2/vsec  at  6K.  Additional 
AsHs  introduction  during  TEG  suppresses  carbon  contamination  and  explains 
the  excellent  properties  (Makimoto  et  al  1986) 

b)  Chloride-ALE 

The  best  among  (laAs  grown  by  GaCl-ALE  is  n-type  with  carrier  concentration  of 
6X1015  cm -3  and  mobility  of  1.6X104  cm2/vsec  at  77  K,  where 
photoluminescence  at  5  K  suggests  carbon  acceptor  compensation  (Matsumoto 
and  Usui  1986).  A  striking  fact  is  that  this  sample  shows  no  electron  trap  signal 
in  DLTS  within  the  detection  limit  of  1  X  10'3  cm-3.  (N.  Iwata  1986).  The  major 
electron  trap  EL2  was  not  detected  in  this  ALE  sample.  It  is  in  remarkable 
contrast  with  conventional  VPE  or  MOCVD  samples  which  exhibit  EL2  in  the 
concentration  range  of  10'4-'10>5cm-3.  When  the  GaCl  coverage  is  not  perfect, 
for  example  1—6  =  10-6,  and  arsenic  atoms  occupy  these  vacant  sites,  antisite 
arsenic  (Asoa)  concentration  becomes  as  high  as  ~10>6  cm-3.  It  has  been 
frequently  said  that  Asoa  acts  as  a  deep  donor  defect  EL2.  The  absence  of  EL2 
signal  in  DLTS  measurement  means  that  (1)  the  GaCl  coverage  is  almost  perfect 
(1  — 0<  10-9),  (2)  arsenic  atoms  are  hardly  incorporated  to  GaCl  vacant  sites,  or 
(3)  the  EL2  defect  does  not  have  a  simple  form  of  Asca  but  rather  it  is  a  complex 
defect  (EL2  family)  as  proposed  by  Ikoma  and  Moebizuki  (1985).  Further  defect 
study  using  ALE  samples  will  aid  in  the  identification  of  EL2. 

8.  Summary 

Atomic  layer  epitaxy  of  GaAs  is  reviewed  with  emphasis  on  the  surface  coverage 
of  adsorbed  species.  A  digital  epitaxy  concept  is  proposed  for  ALE  under  the 
particular  condition  where  grown  thickness  is  insensitive  to  any  analogue 
quantities  such  as  source  gas  pressures,  growth  temperature  and  growth  time, 
and  is  determined  only  by  the  digital  quantity  AI,E  cycle.  Several  advantages  of 
ALE,  especially  as  digital  epitaxy,  are  demonstrated.  These  advantages  will  be 
particularly  useful  for  obtaining  large  diameter  IC  wafers  containing  monolayer- 
level-controlled,  three-dimensionally-confined  devices.  Some  preliminary  results 
of  electronic  properties  of  the  GaAs  gro^n  by  AF,E  arc  discussed. 
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Abstract,  llie  tahnology  and  applications  of  impurity-induced  disordering  have  been 
rapidly  advancing.  Many  different  impurities,  as  well  as  vacancies,  have  proven  capable  of 
enhancing  the  disordering.  So  far,  three  different  approaches  —  diffusion  from  the  surface, 
ion  implantation,  and  doping  during  epitaxial  growth  —  have  been  used  to  intnxluce  the 
impurity  source.  High  performance  devices  have  already  been  demonstrated  using  cither  Zn 
or  Si  as  the  impunty.  I  hese  results  demonstrate  clearly  that  impurity-induced  disordering 
will  play  a  key  role  in  future  integrated  optoelectronics. 

I.  Disordering  Mechanisms 

In  the  five  years  that  ha'C  elapsed  since  the  first  demonstration  of  the  phenomenon  of  impurity 
induced  disordering  (III))  (I  aidig  cl  al  1981b)  and  the  obvious  implication  to  integrated 
optoelectronics  (Holonyak  ct  al  1981).  considerable  effort  has  been  devoted  to  studying  and  utilizing 
this  effect.  It  IS  becoming  increasingly  apparent  that  the  effect  is  an  almost  universal  one,  being 
obsened  in  a  wide  variety  of  lll-V  alloy  systems  as  well  as  being  induced  by  a  wid.c  variety  of 
impurity  species.  Studies  have  been  carried  out  using  surface  diffusion,  ion  implantation  and  doping 
during  epitaxial  growth.  Ihc  results  of  this  work  indicate  that  the  mechanisms  arc  at  least  as 
complicated  as  the  technique  is  universal.  Ill)  is  especially  atlraclive  because  it  significantly 
enhances  the  disordering  compared  to  thermally  induced  disordering  (Chang  and  Koma  1976. 
Hcming  cl  al  1980.  Uiidig  ct  al  1981a  and  1982).  although  thermal  annealing  has  been  used 
successfully  to  modify  the  wavelength  of  the  laser  emission  (Camras  ct  al  1983b,  Meehan  ei  al  1983 
and  1984c). 

Numerous  studies  have  been  performed  using  surface  diffusion  of  impurities  to  facilitate  III).  In 
fable  1  arc  indicated  some  of  the  conditions  that  were  first  used  in  order  to  achieve  111)  in  a  variety 
of  lll-V  materials.  Of  particular  interest  is  the  work  demonstrating  disordering  on  the  column  V  site 
I.C.,  GaP/GaAS|  and  InP/Ga,  ^In^As,  ^P^.  This  work  illustrates  that  the  disordering 
phenoncma  are  not  unique  to  the  column  III  site  species.  In  the  InP/Ga,  ^In^ASi  ^P^  material 
system.  It  is  possible  to  achieve  disordering  etl'ats  on  both  sites  by  using  'he  appropriate  annealing 
temperature  range.  In  this  work  disordering  first  occurs  on  the  column  III  site  al  temperatures 
between  450-550  C,  shifting  the  photoUiiiiincscencc  to  a  lower  energy.  At  higher  temperatures  of 
55()-7IH)  C,  disordering  on  ihe  column  V  sue  iKciirs,  rcsuUing  in  .in  increase  in  photoUimincscencc 
energy. 

In  .iddition  to  .itomic  spcvies,  vacancies  on  column  III  sites  have  been  used  to  effect  disordering  .is 
indicated  in  fable  1.  By  providing  a  surface  condition  that  allows  Ga  to  be  preferentially  removed 
from  the  surface  of  the  crystal,  an  effective  surface  source  of  Ga  vacancies  was  created,  and 
disordering  as  a  result  of  this  vacancy  "species"  diffusing  into  the  crystal  has  been  observed.  ITie 
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III-V  Material 

Impurity 

Species 

~T 

VC) 

First  Reported 

Zn 

500-600 

laidigW  Det  al  (1981b) 

Si 

850 

Meehan  K  et  al  (1984d) 

AI,Ga  1  _,As/AlyGa  1  -yAs 

Ge 

750 

Kaliski  RWetal  (1985) 

S 

850 

RaoE  VKetal  (1985) 

Cu 

700 

Shimiru  N  etal  (1985) 

V„| 

825-875 

Deppe  D  G  et  al  (1 986) 

GaP/GaAs_,P« 

Zo 

825 

CamrasMDetal  (1983a) 

GaAs/ln,Ga, -.Asfx-O  tS) 

Zn 

615-680 

LaidigWDetal  (1983) 

lri|,Gai-,As/lnyAl!  yAs 

Zn 

550 

Kawamura  Y  et  al  (1985) 

inP/Ga-  ,ln,As  ,P, 

Zn 

450-700 

Razeghi  M  (1986) 

Table  1  A  list  of  III-V  structures  along  with  the  corresponding  impurity  species 
and  temperature  conditions  in  which  impurity  induced  disordering  via 
diffusion  was  first  reported. 


combination  of  vacancies  with  other  diffusing  species  can  enhance  III),  Kor  example  Si  diffuses 
more  rapidly  when  excess  arsenic  is  present  (Kavanaugh  et  al  1985)  and  (  Omura  ct  al  1986),  Ihc 
excess  arsenic  is  a  mechanism  for  providing  Ga  vacancies  which  enhance  the  Si  diffitsion. 

Ion  implantation  has  also  rexcived  considerable  attention  as  a  method  for  introducing  the  disordering 
species.  Implantation  is  advantageous  because  it  permits  use  of  species  for  which  there  arc  no  surface 
ditTusion  sources,  fable  2  contains  a  list  of  the  wide  variety  of  species  that  have  been  implanted 
followed  by  heat  U’catment  in  disordering  studies  in  the  AIGaAs  alloy  system.  As  can  be  seen, 
disordering  has  been  observed  not  only  with  common  dopants  such  as  Si,  /.n  He.  Mg  and  Sc.  but 
also  with  implanted  lattice  constituents  such  as  Ga,  Al.  and  ,As,  and  even  with  non-clcctrically  active 
species  such  as  Kr,  I  hc  prixess  of  implantation  is  complicated  greatly  by  the  issue  of  implant 
damage,  which  may  create  disordering  of  its  own  as  well  as  interfere  with  the  diftusion  kinetics  of 
the  implanted  species  which  is  intended  to  disorder,  thereby  blixking  the  disordering  prix-css.  Heat 
treatment  after  implanting  plays  a  significant  role  in  implantation  disordering.  In  one  study  It  has 
been  observed  that  concentrations  of  .txlO'*/cm'  arc  required  for  Si  implant  disordering  (Kohayashi 
et  al  1986),  whereas  other  workers  (Guido  cl  al  1986a)  have  observed  disvirdering  at  liiwcr 
concentrations  under  different  conditions.  Recent  work  has  revealed  that  disordering  is  suppresed 
not  only  by  defects,  but  also  by  the  presence  of  additional  implanted  species,  he  has  been  shown  to 
suppress  disordering  due  to  Ge  when  both  species  arc  introduced  by  ion  implanuition  and  to  cause 
disordering  when  implanted  alone,  fo  compliealc  matters  even  further,  these  disordering  suppression 
effects  have  a  dependence  on  the  order  in  which  the  two  species  were  implanted  (Venkaicsan  ci  ,il 
1986b).  Ihc  fact  that  other  workers  (Ralston  J  ct  al)  obtain  different  results  for  he  as  a  disordering 
species  is  an  indication  that  all  relevant  prixess  parameters  have  not  yet  been  fully  characterired.  All 
of  these  observations  suggest  an  interplay  of  several  mechanisms  at  work  in  the  disordering  pnxess. 

Disordering  with  complex  mexhanisms  has  also  been  observed  in  structures  that  have  been  doped 
during  epitaxial  growth.  An  AlA.s-GaAs  supcrlatticc  with  uniform  Si  doping  has  been  shown  to  have 
a  threshold  to  disordering  somewhere  between  2  and  4xl0'*/cm’  with  annealing  at  8(K)°t.'  for  2 
hours  (Kawabc  el  al  1984).  Selectively  doping  only  the  GaAs  layers  in  such  a  siniclurc  to 
3xl0'*/cm’  has  also  been  shviwn  to  yield  disordering  of  the  entire  structure  when  annealed  al 
temperatures  above  650°C  (Iwata  cl  al  1985).  Also  the  (Si2)^(GaAs)|  ,  alloy  has  been  used  as  an 
internal  Si  source  for  alloy  disordering  (Guido  ct  al  1986b).  In  addition,  very  promising  results  have 
been  achieved  by  using  laser  scanning  to  enhance  the  Si  diffusion  pnxess  in  a  sclativc,  patterned 
manner  (Kpicr  cl  al  I986|.  Again,  the  variations  reported  in  the  concentrations  required  to  produce 
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III-V  Material 

Ion 

'-T 

Species 

(”C) 

First  Reported 

Si* 

675 

Coleman  J  J  et  al 

(1982) 

2n  * 

575 

Camras  M  D  et  al 

(1982) 

s  ♦ 

850 

Al  ’ 

850 

Gavrilovic  Pet  al 

Kr* 

850 

()985b) 

AI,Gai_,As/AlyGa>-yAs 

Ga- 

750 

Hirayama  Y  et  al 
(1985a) 

B* 

750-800 

F' 

750-800 

Hirayama  v  et  al 

Ar-  •) 

750-800 

(1985b) 

As* 

750-800 

Be*  ■ 

660 

Ralston  J  et  al 

Mg  * 

660 

Se  *■ 

660 

(1986) 

Be- 

Ge* 

850 

Venkatesan  T  et  al 

Be  * ,  Ge  * 

(1986b) 

Table  II  A  list  of  III-V  structures  along  with  the  corresponding  impurity 
species  and  temperature  conditons  in  which  disordering  by  ion  implantation 
followed  by  heat  treatment  was  first  reported.  (1)  indicates  no  disordering 
observed. 

the  disordering  effect  vary  due  to  the  complex  nature  of  the  process.  Similar  to  the  work  with  Be 
implantation  previously  mentioned.  Be  has  been  shown  to  suppress  disordering  due  to  Si  when  both 
species  are  dopants  grown  in  multilayer  structures  (Kawabc  ct  al  1985).  Kor  example.  Figure  1 
shows  that  a  region  doped  only  with  Si  disorders  as  expected,  while  the  superlatticc  structure 
remains  unaffected  in  a  portion  of  the  same  material  also  doped  with  IxlO''*/cm'  of  Be. 

2.  Device  Applications 

In  the  field  of  111),  device  results  have  followed  very  rapidly  on  the  heels  of  process  development. 
Although  photopumped  laser  samples  were  first  used  to  study  the  guality  of  the  disordered  material 
(Meehan  et  al  1984a).  buried  hctcrosiructurc  lasers  have  received  the  most  attention  thus  far.  Ill)  of 
the  active  region  stripe  by  /n  diffusion  in  AIGaAs  multiple  qu.intum  well  laser  material  (Meehan  ct 
al  1984b)  and  AIGaAs  single  quantum  well  material  (FuVuzawa  ct  al  1984)  resulted  in  the  first 
device  applications  of  III),  prompting  extensive  investigation  (Nakashima  ct  al  198.5a)  and  (Semura 
et  al  1985a  and  1985b)  Into  this  system  for  the  realization  of  an  easily  fabricated  laser  source  with 
low  threshold  and  high  efficiency.  1  ascr  devices  with  thresholds  as  low  as  20mA  have  been  reported 
by  these  techniques,  fhese  devices  were  typically  fabricated  on  p-type  substrates,  in  order  to  simplify 
device  contacting  after  performing  the  p-type  zinc  disordering  diffusion.  Oxide  isolation  stripes 
required  for  very  narrow  stripe  widths  resulted  in  a  relatively  compjicated  device  process. 

In  1983.  a  technique  was  demonstrated  for  diffusing  Si  into  GaAs  from  a  thin  film  source  ot 
elemental  Si  (Greiner  ct  al  1984).  This  technique  was  quickly  exploited  to  achieve  III)  (Meehan  et  il 
1984d).  and  buried  hetrostructurc  lasers  using  Si-IID  were  demonstrated  (Meehan  ct  al  1985a  and 
1985b).  Figure  2  shows  an  SKM  cross-section  of  a  buried  heterostructurc  stripe  formed  by  Si  III). 
ITiese  devices  offered  the  potential  advantage  of  utilizing  the  more  typical  n-type  GaAs  substrate  in 
their  fabrication.  In  addition,  techniques  have  been  developed  to  fabricate  extremely  narrow  stripes 
without  correspondingly  high  resolution  lithography.  As  a  result,  threshold  currents  as  low  as  1.5- 
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Fig.  1  .\uger  profile  of  Ga  in  the  superlattice  doped  with  Be  and  Si.  I>oping 
profiles  are  shown  above  the  figure,  (a)  is  the  as-grown  and  (b)  is  after 
annealing  at  780  C  for  2  h  (Kawabe  et  al  1985). 

7m  \  haie  been  .ithiesed  (IK’ppe  ei  al  1985)  and  ( Ihomuin  ct  al  1985).  In  addition,  these  devices 
have  been  shown  ki  be  capable  of  high  efficiencies  (Ihornton  ei  al  198ha)  as  well  as  long  life 
(Ihornton  ct  al  Wgbb)  The  data  indicates  that  useful  device  liletimcs  in  the  tens  of  thousands  of 
hours  can  be  achieved 

Ihe  relative  sciiiabilitv  of  /n  and  Si  for  the  purpose  of  III)  has  also  been  studied  (Ihornton  et  al 
I98hcl  Ibis  study  observed  that  the  process  using  /n  has  the  advantages  of  lower  diffusion 
teinpcr.iturc.  shorter  diffusion  time  ,ind  better  characteri/ed  properties  of  /n  diffusion.  Ihe  silicon 
dilftision  prtKcss  has  the  .idvant.iges  of  lower  carrier  concentration  required  to  produce  disordering, 
more  ahrupT  interf.ice  iransitnins  between  ordered  and  divirdered  material,  and  compatibility  with  n 
type  substrates.  Fcir  specific  device  .ipplicatioiis.  one  tir  the  other  of  these  species  may  be  preferred. 

Ihe  buried  heterostructure  l.iser  device  can  easily  be  evtended  to  its  high  power  array  analog.  Ihe 
optical  waveguiding  is  suthcienily  strong  such  that  very  closely  spaced  stripes  remain  uncoupled 
(Ihornton  ct  al  1986a).  but  various  mechanisms  may  be  introduced  into  these  structures  to  induce 
phase- locking  (Gavrilovic  ct  al  1985a). 

I  he  simplicity  of  ion  implantation  compared  to  dithision  has  encouraged  the  estensive  investigation 
of  implanlatkin  disordering  described  .ibove  lo  date,  however,  the  applications  of  these  texhniques 
to  device  fabneatnm  arc  few  Si  ion  implantation  has  been  used  lo  make  buried  hcterostaiclure 
lasers  m  the  AIGaAs  system  (Gavrilovic  ct  .il  1985c).  and  /n  ion  implantation  has  been  used  to 
make  electruluminesccnt  diodes  in  the  (lnGa).As/GaAs  strained  layer  superlatlice  system  (Myers  et  al 
1986).  Kcsults.  however,  have  not  yet  reached  the  same  level  of  device  performance  as  by 
conventional  diffusion,  partly  because  very  high  implant  energies,  typically  several  Mcv.  are  required 
to  realize  the  deep  implants  necessary  to  achieve  the  potentially  simple  device  fabrication.  Ihe 


t  ig.  2  SI  M  cross-sevtion  of  a  portion  of  a  hetcrostnicture  array  laser 
fabricated  by  impurity  induced  divirdering.  Fach  filament  is  .1.2  pm  wide. 


0 


20  40  60  80  100 

WINDOW  REGION  LENGTH  (fim) 


Kig.  4  Variation  of  threshold  current  vnth 
window  region  length  for  zinc  tNakashima  ct  al 
1985b)  and  silicon  cniomton  ct  al  19ghd) 
disordered  window  laser  devices. 
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Another  type  of  device  which  has  received  some  attention  from  the  111)  technique  is  the  window 
laser  (Yonem  et  al  1979).  Designed  for  high  optical  output  power  per  unit  area  of  the  emission 
facet,  the  window  laser  minimizes  absorption  at  the  output  facet  by  malting  the  matenal  at  the 
cleaved  facet  have  a  bandgap  wider  than  the  emission  energy  of  the  laser  cavity.  These  devices  have 
been  successfully  fabneated  by  both  Zn  (l  aidig  ct  al  1984.  Suzuki  et  al  1984.  Semura  et  al  198Sa 
and  Nakashima  et  al  l98Sbi  and  Si  (Thornton  et  al  I986d)  III).  Due  to  the  higher  carrier 
concentrations  required  to  achieve  disordering  with  Zn.  propagation  loss  due  to  free  carrier 
absorption  in  the  window  regions  becomes  an  increasingly  significant  problem.  Figure  4  shows  a 
■  omparison  of  the  increase  in  threshold  with  window  region  length  for  Zn  and  Si  window  laser 
structures.  The  effects  of  free  carrier  absorption  on  Zn-diffused  window  lasers  are  clearly  evident  in 
this  data.  Both  deep  (strongly  disordered)  and  shallow  (weakly  disordered)  Zn  window  lasers  are 
shown  for  comparison.  Ihe  Si  disordered  devices  show  no  significant  tendency  towards  increasing 
threshold  current  with  increasing  window  region  length,  reflecting  the  low  carrier  concentration  and 
low  free  carrier  absorption  level  in  this  smicture 

The  effectiveness  of  Si  111)  m  the  creation  of  the  window  region  is  shown  in  figure  5.  where  the 


Fig.  5  Light  versus  current  characteristics  for  a 
typical  control  device  and  a  typical  window 
device  dnven  to  their  catastrophic  limits,  as  well 
as  an  aniireflection  coated  device  that  docs  not 
exhibit  caustrophic  damage  up  to  2.1  watts 
(Thornton  et  al  I986d). 


CW  CURRENT  (A) 


I  ight  versus  Current  charactenstics  for  a  control  device  with  no  window  facet,  an  uncoated  window 
facet,  and  a  window  facet  with  a  quarter  wave  facet  coaling  arc  shown.  As  can  be  seen,  the  laser 
with  a  window  region  exhibiLs  a  catastrophic  facet  damage  level  which  is  2.3  limes  higher  than  the 
non-window  device.  Fven  more  importantly,  the  coated  facet  window  laser  device  docs  not  exhibit 
catastrophic  damage  even  up  to  2.1  watts  cw  from  a  lOOjim  aperture.  The  power  limitation  on  this 
device  is  no  longer  catastrophic  facet  damage,  but  thermal  effects  due  to  the  large  heat  dissipation  in 
the  device.  Ihus  it  can  he  seen  that  111)  techniques  can  dramatically  improve  the  high  power 
performance  of  these  devices. 

In  conclusion,  there  is  a  tremendous  amount  of  research  yet  to  be  done  in  the  field  of  Impurity 
Induced  Disordering.  Ihe  alloy  systems  to  be  disordered,  disordenng  species,  and  device  applications 
arc  all  receiving  a  great  deal  of  attention,  Ihe  field  promises  to  provide  many  revolutionary 
prtKcssing  techniques  to  the  world  of  IILV  semiconductors. 

The  authors  gratefully  acknowledge  the  technical  assistance  of  H,  Chung.  R.  IXinaldson.  F.  Fndicotl, 
N.  Mainzer.  W.  Mosby,  S.  Nelson,  I).  Taylor.  T.  Tjoe.  and  1).  Treat  of  Xerox  PARC. 
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Resonanl  tunneling  transistors  and  supertatlke  devices  by  band-gap 

engineering  ..... 

*  "  ( In\ it. >.|  Paper) 


)•  .■ilerieo  Capa.sso 
\'I'.VT  Hell  l.alioratories 
(MX)  M.iiiiitain  Avenue 
Murray  Hill.  .\.l  (;71)7  I 


t  t 

Hi  l  l  nr  :i‘l\an  -i  '  in  inaniinn  vm  II  (QW)  tuniieliii);  npioeleetronir  and  electron 
de\ic..  are  di.eii.sed.  'I'lie'-e  include  Hie  firat  realization  of  a  resonant  tunneling 
iH’I’i  I  ipolar  transistor:  infiaired  liusers  and  detectors  luvsed  on  setpiential  I?T  and 

sllperhll  t  ice  effective  tlia.ss  filters. 


1.  Resonant  Tunneling  ileterostructures. 

1.1  Resonant  Tunneling  through  Double  Barrier  Structures. 

Hicntlx,  sollner  it  al..  (HIM)  ;ind  Brown  el  al.  (1!)K(>)  have  demonstrated 
iieiiaiiM'  liffereiitial  resist :ince  (M)|{).  microwave  ami  millimeter  wave  ofieration 
in  doll  till- harrier  iHHl  structures.  Since  the  pioneeriiiK  work  of  C’liang  et  al. 
il(l7l!  oil  HT  in  DIU^W  si  111,1  tires,  tlie  material  (I’lalily  litts  improted  to  the 
|ioini  liiai  iiecalive  differential  resi.ianee  (\|)R|  ctin  Iw  observed  al  room 
1 1  in  I  I  rat  life  i  Tsiii  hi,\  :t  it  al..  l!)s.'>.  Sliewchuk  el  al..  1!)8(>).  Recently  peak-to- 
\:il|i  \  ratios  in  current  of  nearl.\  3:1  were  obtained  at  room  temperature  by  these 
authors.  Ratios  ..f  <1:1  at  77  K  have  been  demonstrated  by  Morkoc  et  al.  (1086). 
V'  shown  b\  l.iir,\i  (I'.IH.'d.  the  NDtf  in  HBQW  dioiles  is  a  consetiuence  of  the 
dim'  iisi onal  roiifinenii  111  of  states  in  a  Q\\  .  and  the  eonservalion  of  energy  and 
lateral  nionienlum  in  innnelinc.  |n  addition  to  that,  the  operation  of  tliese 
siri/efnres  lias  often  heen  diseussc.)  in  connection  wilii  a  |{T  effect  analogous  to 
that  in  a  I  :ibr>  d’eroi  resonator.  This  co/ir  rent  effect  is  |>resumed  to  occur  when 
the  energies  of  incident  electrons  in  the  emiiti  r  tn:iteh  those  of  unoccupied  slates 
in  the  0\\  .  ruder  such  conditions.  ih<’  ampliiude  of  the  n-sonant  modes  biiihls 
up  in  the  0^^  to  the  extent  that  the  electron  wav.’s  leaking  out  in  both  directions 
cancel  tile  reflected  waves  and  etdiame  the  t r:instiiit t.'d  ones.  This  can  lead  to 
much  higher  peak  currents  limn  in  the  c;i.se  whiii  pha.se  coherence  of  the 
elections  w:i\es  is  distroyed  by  sealiering.  In  thi-  latter  ea.se  collisions  in  the 
double  barrier  region  randomi/e  the  plnise  of  the  idia-tron  waves  and  prevent  the 
build-up  of  the  probability  density  in  the  well.  No  resonant  enhancement  of  the 
transmission  is  then  possible  and  ilu'  electrons  must  be  viewed  ;gs  tunneling  into 
and  out  of  the  well  nitim  iihidhj  without  preserving  the  phtis,*  coherence  of  the 
incident  wiive.  One  should  distinguish  therefor.-  i-oli.-r.-nl  (Fabry-Perol  like)  HT 
from  incohi-renl  (seipieni  iai )  HT.  It  is  tin-  ratio  of  the  intrinsic  resonance  width 
to  the  total  scattering  width  (collision  broad. -ning)  that  iletermines  whicli  of  the 
two  nieehanisms  t-onlrols  H  I',  as  r.-cenil.v  shown  by  Capa.s.soet  al.  (1986  a).  If  the 
latter  ratio  is  >>  I  lln-  probability  d.-nsiiy  can  biiibl-up  in  the  well  to  the 
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resonant  value  in  a  time  much  smaller  than  the  scattering  time.  In  the  opposite 
case  instead  the  build-up  time  of  the  wave  in  the  Fabry-Perot  E/intrinsic 
resonance  width)  is  long  compared  to  the  scattering  time,  so  that  collisions  tend 
to  randomize  the  phase  of  the  wave  function  and  prevent  the  resonant 
enhancement  of  the  transmission. 

Recently,  Reed  et  al  (1086)  showed  that  the  replacement  of  AIGaAs  in  the 
barriers  with  an  Al.\s/Cia.\s  superlattice  with  the  same  average  composition 
considerably  improves  the  l\'  characteristics  of  RT  diodes,  by  making  it 
symmetric.  Nakagawa  et  al..  (1086)  have  also  reported  RT  in  triple  barrier 
diodes. 

1.2  Resonant  Tunneling  Bipolar  Transistors 

The  physical  picture  of  coherent  RT  has  lead  to  a  design  strategy  intended  to 
optimize  the  Fabry-Perot  resonator  conditions.  In  particular.  Davis  and  Hosack 
(1063)  and  Ricco  and  .\zbel  (1081)  pointed  out  that  achievement  of  a  near-unity 
resonant  transmission  requires  equal  transmission  coefficients  for  both  barriers  at 
the  operating  point  -  a  condition  not  fulfilled  for  barriers  designed  to  be 
symmetric  in  the  absence  of  an  applied  field.  To  counter  that,  a  RT  structure 
was  proposed  by  Capasso  and  Kiehl  (1085)  in  which  a  symmetric  DBQW  was 
built  in  the  base  of  a  bipolar  transistor,  and  the  Fabry-Perot  conditions  were 
maintained  through  the  use  of  minority-carrier  injection  (Fig.  1  and  2).  Thus, 
this  novel  geometry  maintains  the  crucial,  structural  symmetry  of  the  double 
barrier,  allowing  near  unity  transmission  at  all  resonance  peaks  and  higher  peak- 
to-valley  ratios  and  currents  compared  to  conventional  RT  structures.  Both 
tunneling  and  ballistic  injection  in  the  ba-se  are  considered  (Fig.  1  and  2). 

Shortly  after  this  initial  proposal.  Yokayama  et  al.  (1985)  reported  the  low 
temperature  operation  (70  K)  of  a  unipolar  RT  hot  electron  transistor  (RHET) 
[12].  This  structure  contains  a  double  barrier  in  the  emitter. 

Recently,  we  have  demonstrated  the  room  temperature  operation  of  the  first  RT 
bipolar  transistor  (RTBT)  (Capasso  et  al.  1986  b).  The  band  diagram  of  the 
transistor  under  operating  conditions  is  sketched  in  Fig.  3,  along  with  a 
schematics  of  the  composition  and  doping  profile  of  the  structure  (bottom).  The 
DB  consists  of  a  71  A  undoped  Ga\s  Q\V  sandwiched  between  the  two  undoped 
21.5  A  .Al.\s  barrier  and  that  the  .\IGaAs  graded  emitter  is  doped  to 
^3xl0''rm~’.  The  portion  of  the  base  (.\loo7Gao93.-\s)  adjacent  to  the  emitter 
was  anodically  etched  off.  while  the  rest  of  the  base  was  contacted  using  .\uBe. 
These  base  processing  steps  are  essential  for  the  operation  of  the  device. 

There  is  an  essentiai  difference  with  respect  to  the  previously  discussed  RT 
transistors.  These  structures  rely  on  guasi-ballistic  or  hot-electron  transport 
through  the  base.  These  schemes  place  stringent  constraints  on  the  design  and 
make  it  difficult  to  achieve  room  temperature  operation  due  to  /he  small  electron 
mean  free  path  (<.500  .A  at  300  K),  since  electrons  that  have  suffered  a  few 
phonon  collisions  cannot  reach  the  collector.  -The  key  to  the  present  structure  is 
that  electrons  are  thermally  injected  into  and  transported  through  the  base,  thus 
making  the  device  operation  much  less  critical.  This  new  approach  has  allowed 
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us  to  achieve  for  the  Tirst  time  RT  transistor  action  at  room  temperature. 
Thermal  injection  is  achieved  by  adjusting  the  alloy  composition  of  the  portion  of 
the  base  adjacent  to  the  emitter  in  such  a  way  that  the  conduction  band  in  this 
region  lines  up  with  the  bottom  of  the  ground-state  subband  of  the  Q\V  (Fig.  3a). 
For  a  74  A  well  and  21.5  A  AlAs  barriers  the  first  quantized  energy  level  is  Ei 
=  65  me  V.  Thus  the  A1  mole  fraction  was  chosen  to  be  x  =  0.07  (corresponding 
to  Eg  =  1.521  eV'')  so  that  AEc“E|.  This  equality  need  not  be  rigorously 
satisfied  for  the  device  to  operate  in  the  desired  mode,  as  long  as  Ej  does  not 
exceed  AE,.  by  more  than  a  few  kT.  The  QW  is  undoped;  never-the-less  it  is 
easy  to  show  that  there  is  a  high  concentration  (=7xl0''cm”^)  two-dimensional 
hole  gas  in  the  well.  These  holes  have  transferred  from  the  nearby  AloorGaogsAs 
region,  by  tunneling  through  the  AlAs  barrier,  in  order  to  achieve  Fermi  level 
line-up  in  the  base.  Consider  a  common  emitter  bias  configuration.  Initially  the 
collector-emitter  voltage  \'ce  and  the  base  current  Ig,  are  chosen  in  such  a  way 
that  the  base-emitter  and  the  base-collector  junctions  are  respectively  forward 
and  reversed-biased.  If  V’^e  is  kept  constant  and  the  base  current  Ig  is  increased, 
the  base-emitter  potential  also  increases  until  flat-band  condition  in  the  emitter 
region  is  reached  (Fig.  3b  left).  In  going  from  the  band  configuration  of  Fig.  3a  to 
that  of  Fig.  3b  the  device  behaves  like  a  conventional  transistor  with  the  collector 
current  increasing  with  the  base  current  (Figs.  3a-3b  right).  The  slope  of  this 
curve  is,  of  course,  the  current  gain  3  of  the  device.  In  this  region  of  operation 
electrons  in  the  emitter  overcome,  by  thermionic  injection,  the  barrier  of  the 
base-emitter  junction  and  undergo  RT  through  the  double  barrier.  If  now  the 
base  current  is  further  increased  above  the  value  Ibxh  corresponding  to  the  flat 
band  condition,  the  additional  potential  difference  drops  primarily  across  the  first 
semi-insulating  Al.As  barrier  (Fig.  3c).  between  the  contacted  and  uncontacted 
portions  of  the  base,  since  the  highly  doped  emitter  is  now  fully  conducting.  This 
pushes  the  conduction  band  edge  in  the  Aloo7Ga<)93As  above  the  first  energy 
level  of  the  well,  thus  quenching  the  RT.  The  net  effect  is  that  the  base 
transport  factor  and  the  current  gain  are  greatly  reduced.  This  causes  an  abrupt 
drop  of  the  collector  current  as  the  base  current  exceeds  a  certain  threshold  value 
Ibth  (Fig.  3c,  right).  The  devices  were  biased  in  a  common  emitter  configuration 
at  300  K  and  the  1-V  characteristics  were  displayed  on  a  curve  tracer.  For  base 
currents  <  2.5  m.^  the  transistor  exhibits  normal  characteristics,  while  for  Ib> 
2.5  mA  the  behavior  previously  discussed  was  observed.  Fig.  4  shows  the 
collector  current  versus  base  current  at  VfE  =  12  V'.  as  obtained  form  the 
common  emitter  characteristics.  The  collector  current  increases  with  the  base 
current  and  there  is  clear  evidence  of  current  gain  (3  =  7  for  If-  >  4  m,\).  .As 
the  base  current  exceeds  2.5  m.A,  there  is  a  drop  in  Ip  because  the  current  gain  is 
quenched  by  the  suppression  of  RT.  Figure  5  illustrates  the  common  emitter 
characteristics  at  100  K.  It  is  apparent  that  in  addition  to  the  previously 
discussed  dependence  of  If  on  Ib  (see  Fig.  4),  there  is  also  a  large  negative 
conductance  in  the  If  vs  VfE  curve  for  base  currents  in  excess  of  the  threshold 
value  (=  4  mA  at  100  K).  This  is  easy  to  understand  by  noting  that  in  order  to 
reach  the  band  configuration  of  Fig.  3c  and  quench  RT  (at  a  fixed  Ib  >  Ibth)  ^he 
collector-emitter  voltage  VfE  must  be  large  enough  for  the  collector-base  junction 
to  be  reverse  biased  and  draw  a  significant  collector  current.  Single  frequency 
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oscillations  (at  25  MHz,  limited  by  the  probe  stage)  have  been  observed  in  these 
devices  when  biased  in  the  negative  conductance  region  of  the  characteristics. 
One  important  advantage  of  this  device  compared  to  the  RHET  is  that  it  has 
much  higher  current  gain  in  its  "on”  state.  Other  RT  transistors  have  also  been 
proposed  ranging  from  Stark  effect  RT's  (Bonnefoi  et  al.,  1985)  to  quantum  wire 
unipolar  RTs  (Capasso  and  Luryi,  1985). 

RT  transistors  are  potentially  very  valuable  for  many  logic  and  signal  processing 
applications.  These  include  new  ullrahigh-specd  analog-lo-digital  converters, 
parity  generator  circuits,  high  density  memories  using  multiple  valued  logic 
(Capasso,  1985). 

1.3  Sequential  Resonant  Tunneling  and  Effective  Mass  Filtering  in 
Superlattices. 

In  a  strong  electric  field  in  a  superlattice  the  ininiband  picture  breaksdown  when 
the  potential  drop  across  the  supcrlattice  period  exceeds  the  miniband  width. 
When  th  is  condition  is  satisfied  the  quantum  states  become  localized  in  the 
individual  wells.  In  this  limit  an  enhanced  electron  current  will  flow  at  sharply 
defined  values  of  the  external  field,  when  the  ground  state  in  the  n-th  well  is 
degenerate  with  the  first  or  second  excited  state  in  the  (u+l)-th  well,  as 
illustrated  in  Fig.  6a.  I'nder  such  comlitions,  the  current  is  due  to  electron 
tunneling  between  the  adjacent  wells  with  a  subsequent  de-excitation  in  the 
(n+l)-th  well,  by  emission  of  [diotions.  In  other  words,  electron  jiropagation 
through  the  entire  superlattice  involves  seipiential  RT. 

Experimental  difficulties  in  studying  this  phenomenon  are  usually  associated  with 
the  non-uniformity  of  the  electric  field  across  the  superlattice  and  the 
instabilities  generated  by  negative  differential  conductivity.  To  ensure  a  strictly 
controlled  and  spatially  uniform  electric  field.  Capasso  et  al.  (1986  c)  plaeed  the 
superlattice  in  the  i  region  of  a  reverse-biaseil  p"^— i— n'*'  junction.  This 
structure  allowed  for  the  first  time  to  observe  the  sequential  RT  predicted  by 
Kazarinov  and  .Suris  (1972).  Two  .\I)R  peaks  observed  in  the  photocurrent 
characteristics.  Fig.  7,  corrcspoml  to  the  resonances  shown  schematically  in  Fig. 
6.  For  the  seq\iential  RT  regime,  Kazarinov  and  Suris  (1972)  hail  iiredicted  the 
possibility  of  a  laser  action  at  the  inter-subband  transition  freipiency  -  an  effect 
not  yet  observed  experimentally  in  superlattice  (Fig.  6b).  .Vnotlier  interesting 
possible  application  of  sequential  RT  is  a  narrow  band  (a  few  me\')  ir  detector 
which  uses  absorption  between  the  first  two  subbands  of  the  wells  (Capasso  et  al. 
1986).  The  ajiidied  voltage  is  such  the  first  and  second  excited  states  of  adjacent 
wells  are  resonant.  Thus  the  photoexciled  electrons  tunnel  to  the  nearby  well 
and  give  rise  to  a  photocurrent . 

Capasso  et  al.  (198.')a.b).  recently  reported  the  observation  of  a  ew  extremely 
large  photocurrent  amplificatioi.  phenomenon  at  very  low  voltages  in  a 
superlattice  of  .M  ^jjltio  i.j.Vs/Cjifl  jyln,,  vt-Vs  in  the  quantum  coupling  regime  (35 
A  wells,  35  A  barriers).  Rixun  temperature  responsivities  at  X  =  1.3  //m  are 
typically  2xl()'  ami  .3(X)  Amps/Walt,  at  0,3  \'olt  and  0.08  \'olts  bias  respectively, 
while  the  highest  measured  value  is  Ixio’  A/W.  corresponding  to  a  current  gain 
of  2x10''.  This  effect,  which  represents  a  new  quantum  type  photisconductivily.  is 
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caused  by  the  extremely  large  difference  in  the  tunneling  rates  of  electrons  and 
heavy  holes  through  the  superlattice  layers  (effective  mass  filtering:  Fig.  8). 
When  thickness  and  compositional  fluctuations  cause  fluctuations  in  the  subband 
energies  of  the  order  or  greater  than  the  miniband  width  AE  miniband 
conduction  cannot  be  sustained  and  hence  conduction  will  proceed  by  phonon- 
assisted  tunneling  between  adjacent  wells,  (hopping  conduction).  Since  electrons 
have  a  much  smaller  mass  than  holes,  their  tunneling  rate  between  adjacent  wells 
is  much  larger  (effective  mass  filtering).  Photogenerated  holes  therefore  remain 
relatively  localized  in  the  wells  (their  hopping  probability  is  negligible)  while 
electrons  propagate  through  the  superlattice  (Fig.  8a).  This  effective  mass 
Tiltering  effect  produces  a  pliotocurrcnt  gain,  given  by  the  ratio  of  the  lifetime  to 
the  electron  transit  time.  The  gain  strongly  decreased  with  increasing 
-■^lo  barrier  layer  thickness  and  becomes  unity  w  hen  this  exceeds  100 

A  .  This  confirms  effective  ma.ss  filtering  as  the  origin  of  the  large  gain,  since,  as 
the  barriers  are  made  thicker,  electrons  also  eventually  tend  to  become  localized, 
thus  decreasing  the  tunneling  probability  and  increasing  the  recombination  rate. 
The  temperature  dependence  of  the  responsivity  concltisivv  ly  confirmed  hopping 
conduction. 

F'or  snperlattices  made  of  the  same  two  materials  with  wider  electron  minibands 
(achieved  by  using  thinner  harriers)  the  eleetron  transport  is  by  miniband 
conduction,  while  holes  are  still  localized  (Fig.  8b).  Such  superlattice  effective 
mass  filters  will  have  a  much  greater  gain-bandwidth  product  than  the  other  kind 
(F'ig.  Sa)  due  to  the  much  shorter  electron  transit  time. 
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Band-diagram  of  RBT  with  Fig. 
tunneling  emitter  and 
quantum  well  base. 


2  Band  diagram  of  RBTs  with 
(a)  ballistic  injection,  (b) 
parabolic  Q\V, 
superlattice  base. 


EMnrtR  I  base  collector  ' 
-25  07  t  0  I  0  0 

j07i 

^  nip  nup  n 


Energy  band  diagrams  of 
RBT  with  thermal  injection 
roi-responding 
schematics  of  collector 
current  Ic  for  different  base 
currents  at  a  fixed  collector- 
emitter  voltage  X’cE-  Shown 
IS  also  the  composition  and 
eloping  profiU  of  the 
structure;  u  stands  for 
UTj  doped. 
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Fig.  4  1(^  vs  Ig  in  the  common 
emitter  configuration,  at 
room  temperature,  with  tlie 
collector-emitter  voltage 
held  constant.  The  line 
contiecting  the  data  points  is 
drawn  only  to  guide  the  eye. 


Fig.  5  Common  emitter 

characteristics  of  the  RBT 
l>ipoiar  at  HXI  K.  The 
vertical  scale  is  10  m.\/div. 
while  the  horizontal  scale  is 
2  X'/div.  Each  step  in  the 
base  current  is  2  m.A. 

The  emitter  area  is 
1.5  X  lO'^cm^. 


a.  Band  diagram  of 
seiiuential  HT  of 
electrons  through  a 
superlatlice  (.''L). 

b.  Band-diagram  of  far  ir 
four  level  laser  based 
on  secpiential  RT. 
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Fig.  7  Photo  1-V  for  a  SI.,  with  139 
tliick  wells  and  harriers 
and  3.5  periods.  The  two 

peaks  correspond  to  RT 
between  the  ground  and  first 
two  excited  states  of  a 
adjacent  wells.  (See  Fig.  6a 
and  6h). 


^VW-* 

lA^LTLflj - 

Fig.  8  Band  diagram  of  effective 
nia.ss  filtering  in  the  case  of 

a.  phonon  assisted 

tunneling  and 

b.  miniband  conduction 
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Improvement  in  the  uniformity  of  electric  properties  of  semi*insulating 
3"<^  In-mixed  GaAs  single  crystal  by  high  magnetic  field  applied  liquid 
encapsulated  Czochralski  technique 


T.  Kawase,  A.  Kawasaki,  K.  Tada 
Sumitomo  Electric  Industries,  Ltd. 

1-3,  Shimaya  1-chorae,  Konohana-ku,  Osaka  354,  Japan 

Abstract ■  3";  semi-insulating  indium-mixed  GaAs  single  crystals  were 
grown  by  vertical  magnetic  field  applied  liquid  encapsulated  Czochralski 
technique.  We  found  that  application  of  a  magnetic  field  strongly 
affected  solid-liquid  interface  shape,  slip-dislocation  length,  indium 
concent  rat  ion  distribution,  and  neutral  EL2  distribution. 

1 .  Introduct ion 

The  dislocation-free  semi-insulating  LEC  GaAs  single  crystals  with  large 
diameter  have  been  successfully  obtained  by  mixing  indium  (Jacob  et  al. 
1983,  Kimura  et  al.  1984,  Nakanishi  et  al.  1984,  Tada  et  al.  1984).  Some 
authors  have  previously  reported  the  effects  of  magnetic  field  application 
on  the  impurity  concentration  and  the  electrical  properties  of  GaAs  single 
crystal  (Fukuda  et  al.  1983,  Terashiraa  et  al.  1986a).  Recently  a  notable 
effect  on  carbon  contamination  with  high  magnetic  field  application  has 
been  investigated  by  Terashiraa  et  al.  (1986b). 

We  applied  the  high  magnetic  field  in  the  growth  of  In-mixed  GaAs  single 
crystals,  and  found  the  following  effects:  (1)  reduction  of  the  slip 
dislocations  propagating  from  the  crystal  surface,  (2)  improvement  of  the 
uniformity  in  the  distribution  of  indium  concentrat ion,  (3)  improvement 
of  the  uniformity  in  the  distribution  of  the  neutral  EL2  concentration, 
[EL2’]  .  In  this  report,  we  discuss  the  relationship  between  those  effects 
and  the  changes  of  the  thermal  environment  in  the  melt,  especially  near 
the  melt  surface,  by  applying  magnetic  field. 

2 .  Experiments 

3";  ■^100’  oriented  In-mixed  GaAs  single  crystals  were  grown  by  vertical 
magnetic  field  applied  liquid  encapsulated  Czochralski  (VMLEC)  technique. 
The  GaAs  melts  (about  3.6kg)  including  1.6wt%  indium  were  prepared  from 
GaAs  polycrystals  and  metal  indium  in  6"^  pBN  crucibles.  The  crystals  and 
the  crucibles  were  counterrotated  at  rates  of  5  rpm  and  20  rpm, 
respectively.  The  crystals  were  grown  at  a  constant  pull  rate  of  6.0  mm/h 
under  15  'u  25  atm  nitrogen  atmosphere.  Magnetic  fields  were  applied  to 
the  melts  up  to  6000  Oe. 

The  solid-liquid  interface  shapes  were  observed  by  X-ray  topography.  The 
indium  concentrations  in  the  crystals  were  determined  by  inductively 
coupled  plasma  atomic  emission  spectrometry  (ICP)  analysis.  lEL2Twere 
evaluated  from  the  optical  absorption  at  A  =  1  um  (Martin  et  al.  1980). 

The  infrared  ray  (IR)  transmission  images  were  observed  by  conventional 


c  1987  lOP  Publishing  Ltd 


28 


Gallium  A  rsenide  and  Related  Compounds  1986 


type  IR  apparatus  and  video  image  processing  system  (Ratsumata  et  al,  1985). 
The  temperature  gradients  and  the  temperature  fluctuations  in  the  GaAs  melt 
without  crucible  rotation  were  measured  by  using  U5%Re-W26%Re  thermocouples 
at  three  points  aligned  along  radial  direction  of  the  crucible. 

3.  Results 

Figure  1  shows  the  average  vertical  temperature  gradient  between  deptns  of 
0  mm  and  15  mm  under  the  melt  surface.  Figure  2  shows  the  temperature 
fluctuations  at  a  depth  of  15  mm.  The  average  temperature  gradient  is  low, 
but  also  the  temperature  fluctuation  is  extremely  large  at  the  crucible 
center  at  H  =  0  Oe  (H  :  magnetic  field  strength).  In  a  higher  magnetic 
fields,  the  temperature  gradient  becomes  higher,  and  the  temperature 
fluctuation  becomes  smaller  at  the  crucible  center.  Temperature  gradient 
in  the  melt  increases  from  25‘’C/cm  (at  H  =  0  Oe)  to  35“C/cm  (at  H  =  3000  Oe) 

at  the  center  of  the  crucible.  On  the  other  hand,  temperature  gradient, 

at  a  position  of  40  mm  apart  from  the  center  of  the  crucible,  decreases  by 
applying  a  magnetic  field.  It  follows  from  this  fact  that  the  turbulent 
free  convective  flow  at  the  crucible  center  at  H  =  0  Oe  is  surpressed  by 
the  magnetic  field  application.  The  measurement  at  6000  Oe  gave  the  result 
similar  to  that  at  3000  Oe.  Therefore,  the  magnetic  fields  higher  than 
3000  Oe  don't  give  drastical  further  changes.  Figure  3  shows  the  X-ray 
topographs  at  the  center  region  of  the  crystals  grown  at  H  =  0  Oe  and 

H  =  3000  Oe.  The  growth  striations  of  the  crystal  grown  at  H  =  0  Oe  are 

intersected  each  other,  and  are  random  in  spacing.  These  behaviors 
represent  that  growth  and  remelt  are  randomly  repeated  due  to  a  large 
temperature  fluctuation  at  the  center  region.  The  striations  of  crystals 
grown  at  H  •  3000  Oe  appear  to  be  aligned  parallelly  and  regularly. 

From  the  striation  pattern,  the  magnetic  field  application  is  found  to 
make  a  convex  shaped  interface  flatter.  The  value  of  A/D  (A  :  deviation 
of  the  solid-liquid  interface  from  the  flat  plane,  D  :  diameter  of  the 
crystal),  which  is  introduced  in  order  to  evaluate  the  interface  shape,  is 
about  1%  at  H  =  6000  Oe,  while  it  is  about  at  H  =  0  Oe.  Figure  4  shows 
the  variation  of  the  value  of  A/D  with  magnetic  field  strength.  X-ray 
topographs  also  show  that  a  magnetic  field  application  affects  the  slip 
dislocations  in  the  periphery  regions  of  the  crystals.  Figure  5  shows  the 
X-ray  topographs  of  (100)  wafers  (indium  concentration  :  2500  wtppm) 
perpendicular  to  the  growth  axis.  The  length  of  slip  dislocations  of  the 
crystal  grown  at  H  =  3000  Oe  is  much  shorter  than  that  at  H  =  0  Oe. 

Figure  6  shows  the  radial  distribution  of  indium  concentrations  on  (100) 
wafers  where  the  indium  concentrations  are  about  2500  wtppm  (the  fraction 
solidified  (g)  of  0.3).  This  figure  suggests  that  the  indium  on  the  solid- 
liquid  interface .concentrates  at  the  center  of  the  crystals.  On  the 
other  hand,  by  applying  magnetic  field,  the  indium  distribution  is 
relatively  flat  at  the  center  of  the  crystals. 

Figure  7  shows  the  radial  Iel2°]  distribution  in  the  as-grown  crystals. 

The  crystal  grown  at  H  =  3000  Oe  has  the  wider  region  with  uniform  [EL2'5 
distribution  than  the  crystal  grown  at  H  =  0  Oe.  The  regi/n  with  uniform 
[EL2°]  is  coincide  with  the  dislocation  free  region.  Figure  8  shows  the 
IR  topographic  images  of  the  longtitudinal  section  in  the  center  region  of 
the  crystals.  These  images  reveal  the  similar  striation  patterns  as  shown 
in  the  X-ray  topographs. 
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Figure  1  Average  vertical 
temperature  gradients  in  the 
melt  without  crucible  rotation, 
at  H  =  0  Oe,  1000  Oe ,  3000  Oe. 


MAGNETIC  FIELD  STRENGTH  (Oe) 


Figure  2  Amplitudes  of  the  temperature 
fluctuations  in  the  melt  without  crucible 
rotation  versus  magnetic  field  strength. 


(b)  3000  Oe 


Figure  3  X-ray  topographs  of 
Che  longitudinal  section  at 
the  center  region  of  the 
crystals  grow  at  (a)  H  «  0  Oe 
and  (b)  H  -  3000  Oe. 


MAGNETIC  FIELD  STRENGTH  (Oe) 


Figure  4  The  value  of  A/D 
versus  magnetic  field  strength. 
A  :  deviation  of  tbfe  solid- 
liquid  interface  from  the  flat 
plane,  D  :  diameter  of  the 
crystal. 
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1  cm 


(a)  0  Oe 


(b)  3000  Oe 


Figure  5  X-ray  topographs  of 
(100)  wafer  of  Che  crystals 
grown  at  (a)  H  ■  0  Oe  and 
(b)  H  •  3000  Oe. 


Figure  7  Radial  distribution 
of  EL2  of  Che  crystals  grown 
at  H  •  0  Oe  and  H  ■  3000  Oe. 


Figure  6  Radial  distribution 
of  indium  concentrations  of 
the  crystals  grown  (normalized 
by  the  maximum  value)  at  H  ■=  0 
and  B  •  3000  Oe . 


(a)  0  Oe 


(b)  3000  Oe 


Figure  8  IR  images  of  the 
longitudinal  section  at  the 
center  region  of  the  crystals 
grown  at  (a)  H  «  0  Oe  and 
(b)  H  -  3000  Oe. 
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4,  Discussion 


The  flow  modes  of  the  melt  change  drastically  and  become  stable  by  applying 
a  magnetic  field  to  the  GaAs  melt.  The  temperature  fluctuation  results  in 
the  striations,  and  the  changes  of  temperature  gradient  along  axial 
direction  are  reflected  on  the  change  of  solid-liquid  interface  shape  from 
the  convex  to  the  flat  by  applying  a  magnetic  field.  Therefore,  as  shown 
in  Figure  4,  the  solid-liquid  interface  shape  (i/D)  doesn't  change  largely 
above  3000  Oe.  These  results  are  confirmed  from  the  striation  patterns  of 
the  X-ray  topographs  and  IR  absorption  images.  Melt  flow  also  affects  the 
distribution  of  impurity  concentration  in  the  crystal.  There  are 
differences  between  the  indium  concentration  distribution  along  the  radial 
direction  in  the  crystal  grown  at  H  =  0  Oe  and  in  the  crystal  grown  at 
H  =  3000  Oe.  At  zero  magnetic  field,  the  high  indium  concentration  at  the 
center  region  is  probably  caused  by  the  following  two  reasons.  The 
dominant  natural  convection,  which  flows  from  the  periphery  of  the  growing 
crystal  to  the  center,  accumulates  indium  atoms  swept  out  from  the 
interface  at  the  center  region.  Or  the  high  indium  concentration  region 
is  confined  under  the  interface  region  which  is  called  the  Taylor-Praudman 
cell  (Carruthers  et  al.  1968).  In  a  magnetic  field  if  crystal  rotation  is 
changed  by  an  appropriate  rate,  indium  concentration  becomes  uniform  due 
to  the  melt  flow  induced  by  a  forced  convection  from  the  center  to  the 
periphery  of  crystal. 

From  the  results  of  X-ray  topograph,  IR  absorption  image  and  EPD 
distribution,  it  is  found  that  magnetic  field  application  reduces  the 
length  of  slip  dislocations  along  radial  direction  on  the  wafer.  Since 
magnetic  field  little  affects  on  the  thermal  environments  above  the  melt 
surface,  the  reduction  of  the  length  of  slip  dislocations  is  attributable 
to  the  change  of  the  temperature  gradient  in  the  melt,  especially  along 
radial  direction.  Radial  temperature  gradient  at  the  interface  is  lower 
under  the  growth  conditions  resulting  in  the  flat  solid-liquid  interface 
than  those  resulting  in  the  convex  one.  Therefore,  a  magnetic  field 
shorten  the  length  of  the  slip  dislocations  since  the  thermal  stress  in 
the  crystal  is  reduced  in  the  low  temperature  gradient. 

These  slip  dislocations  give  a  large  effect  to  the  [e1.2'’J  distribution. 

It  is  reported  that  [ELi°]  are  affected  by  dislocations  in  the  region 
where  dislocation  densities  are  more  than  1000  cm“^  (Takebe  et  al.  1985). 
High  (EL2°J  at  the  periphery  is  related  to  the  slip  dislocations. 

Therefore,  the  uniform  [EL2°1  regions  are  broadened  considerably,  since 
dislocation  free  regions  without  slip  dislocation  are  expanded  by  applying 
a  magnetic  field.  This  broadening  of  uniform  [EL2'’]  regions  is  confirmed 
by  IR  absorption  images  of  the  (100)  wafers  cut  perpendicular  to  the  growth 
direction.  The  IR  absorption  images  also  show  similar  results  as  the  X-ray 
topograph  in  which  the  contrast  of  the  striations  become  weaker  by  applying 
magnetic  field.  What  contributes  to  the  absorption,  especially  striation 
pattern,  in  IR  image  is  not  yet  fully  understood.  However,  the  striations 
in  IR  image  may  influence  the  microscopic  [EL2°J  distributions  in  the 
crystal  along  the  radial  direction  as  well  as  the  axial 'direction. 

5.  Conclusion 


We  have  grown  3"'Ji  semi-insulating  indium-mixed  GaAs  single  crystals  by 
vertical  magnetic  field  (up  to  6000  Oe)  applied  liquid-encapsulated 
Czochralski  technique.  We  have  found  that  the  change  of  the  flow  modes  in 
the  melt  by  applying  a  magnetic  field  affects  the  inhomogenity  of 
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the  indium  concentration  and  [EL2'*]  distribution,  and  the  length  of  the 
slip  dislocations.  Improvement  of  macroscopic  [EL2®J  distribution  was 
attributed  to  the  broadening  of  the  dislocation  free  region  which  was 
achieved  by  the  reduction  of  the  temperature  gradient  in  the  melt  applied 
magnetic  field. 
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Abstract .  We  performed  a  systematic  study  of  the  distribution 
coefficient  of  carbon  in  LEG  GaAs  crystals  grown  with  different  pulling 
rates,  R.  The  concentration  of  C^^  along  the  ingots  was  determined 
using  carbon-related  IR-LVM  absorption.  We  found  that  the  measured 
effective  distribution  coefficient  of  carbon  strongly  depends  on 
pulling  rate,  ranging  from  1.15  for  R  5  cm/h  up  to  2.5  for  R  n.63 
cra/h.  This  indicates  that  the  value  of  the  equilibrium  distribution 
coefficient  of  C  in  GaAs  exceeds  3.  which  i.s  considerablv  liiglur  than 
has  been  previously  estimated. 


1 .  Introduction 

Carbon  is  one  of  the  major  electrically  active  ch(inic<i]  cont  am  i  nant  .s  in 
"undoped"  semi  •  insulat  ing  (SI)  GaAs  grown  bv  the  li<|uid  encapsula;(d 
Czochralski  (LEC)  method  ^Brozel  (1986).  Holmes  et  al.  (l'*8or.  In  GaAs 
lattice  carbon  occupies  arsenic  sites  where  it  acts  as  sii.illov 
acceptor.  ^As'  concentration  generallv  excectis  the  total 

concentration  of  residual  donor  impurities  in  LEG  ("aAs.  which  vouhi 
result  in  p*type  GaAs,  Semi  • insulating  behavior  is  obtained  b*oaus(  of 
the  native  compensating  deep  donor  defects  known  as  EL.^ .  It  is  bf  lit  veil 
[Kirkpatrick  et  al .  (1985)[  that  the  balance  of  carbon  sliallow  acceptors 

and  EL2  deep  donors  governs  macro-  and  microscopic  properties  of  taAs. 
especially  its  high  electrical  resistivity,  as  well  as  the  uniformitv  of 
relevant  properties;  therefore  radial  and  axial  distribution  of  hotli 
carbon  and  EL2  need  to  be  known  in  detail.  In  spit**  of  its  ohvif)Us 
importance,  the  data  on  the  distribution  ot  carbon  in  cia.As  crvstals  ar« 
inconsistent  and  contradictory :  reported  values  for  k  v.n-v  from  0 .  H  .  . 

Here  we  present  the  results  of  a  detailed  investigation  of  di  st  r  ihut  i  t*t', 
coefficient  of  carbon  in  (»aAs.  The  carbon  concentration  was  mtasured 
using  the  carbon- related  localized  vibration.il  mode  (I.VM)  ah.sorption 
The  carbon  distribution  was  determined  along  the  gr<'wth  axis  of  >  LEG 
GaAs  crystals,  which  were  grown  at  different  pulling  rates.  W(  have 
found  that  the  k^j-j  for  carbon  strongly  depend.s  on  th<-  pvilling  rate,  so 
that  the  equilibrium  distribution  coefficient,  k^.  (for  i nf i n i t es ima 1 1 v 
small  pulling  rente)  i.s  very  large,  exceeding  ^  Tints,  for  low  pulling 
rates,  a  very  pronounced  nnn-uniformitv  of  ('  has  to  be  expeitrd  .tlriig  t  lu 
ingot,  which  may  account  for  some  of  the  n(*n- uni  f  onri  t  v  oh  »  rv»  d  in  tli. 
electrical  and  other  properties  of  GaAs  ingots 
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2 .  Experimental 

All  GaAs  ingots  used  in  this  study  were  grovm  by  the  LEG  method  in  the 
same  high-pressure  growth  apparatus.  Pre-synthesized  GaAs  was  used  as 
the  charge  source:  the  same  source  material  was  used  for  all  crystals 
measured.  The  charge  material  was  cleaned  in  organic  solvents,  and 
etched  in  3;1;1  H2S0^  ^2^2  '  crystals  were  grown  in  PBN 

crucibles,  1.4- inch  diameter  by  1.5- inch  depth;  the  standard  charge  size 
was  approximately  70  g.  Crystals  were  pulled  in  <111>  directions.  The 
typical  dimensions  of  the  grown  crystals  were  1.25  cm  in  diameter,  10  cm 
in  length.  The  growth  time  varied  from  approximately  3  hours  for  the 
fastest-pulled  crystal  (5  cm/h)  to  approximately  12  hours  for  the  slowest 
(0.625  cm/h) . 

The  concentratioi  of  carbon  was  determined  using  a  Fourier  Transform 
Infrared  (ITIR)  spectrometer  (Nicolet  MX-1),  with  a  spectral  resolution 
of  0.6  cm’  ,  at  room  temperature.  The  IR  absorption  at  room  temperature 
due  to  the  excitation  of  localized  vibrational  modes  of  results  in  an 

absorption  peak  at  580  cm'  .  with  a  half  width  about  1.3  cm'^.  At  low 
temperatures  absorption  spectrum  of  carbon  is  very  sharp  (less  than 
1cm  ^),  but  it  splits  into  at  least  five  peaks,  which  makes  it  rather 
inconvenient  for  determination  of  the  area  under  the  carbon- related 
peaks.  At  present.  LVM  absorption  is  the  most  sensitive  method  for 
determination  of  carbon  in  GaAs:  the  sensitivity  limit  is  in  the  range 
of  10  ^  C-af oms/cm^  'Homma  Y  and  Ishii  Y  (1984)]. 

3 .  Result  s 

all  GaAs  ingots  we  found  that  the  concentration  decreases  from 

the  seed  toward  the  tang  end.  The  distribution  coefficient  of  in 

GaAs  is,  therefore.  definitely  larger  than  1,  The  concentration 
di  s  t  r  ilnit  ion  of  carbon  along  the  pulling  direction  (axial  distribution) 
was  measured,  and  plotted  against  (1-g).  where  g  denotes  the  fraction  of 
the  CaAs  melt  which  li.is  been  solidified.  Changes  of  carbon  concentration 
along  the  ingots  are  presented  in  Figure  1,  with  the  pulling  rate,  R,  as 
the  parameter.  It  is  clearlv  seen  that  the  distribution  function  is 
quite  different  for  different  pulling  rates.  It  is  seen  that  small 
pulling  rates  give  more  pronounced  changes  in  carbon  concentration  and 
vice  versa,  indicating  that  the  measured,  effective  distribution 
coefficient  of  carbon  depends  stronglv  on  the  pulling  rate. 

For  a  I.F.C  grown  crystal  k  can  be  generally  expressed  bv  the  equation: 

*  *'eff  ^I.  *  *'eff  ^1,0  ’ 

where*  and  are  the  carbon  impurity  concentrations  in  the  solid  and 
the  milt  respectively  ,  while  is  the  initial  carbon  concentration  in 

the  melt.  Measured  changes  in  all  ingots  follow  formula  (1)  so  that  for 
everv  pulling  rate  the  effective  distribution  coefficient  can  be 
determined  from  the  slope  of  log  C^.  vs.  <l-g)  plots.  #  The  results  are 
presented  in  TabU*  1; 
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Table  I 

Effective  Distribution  Coefficients  For  Carbon  in  GaAs 
Pulling  Rate,  R(cm/hr)  0.625  1.25  2.5  4.1  5 

Effective 

Distribution  2.5  2.1  1.5  1.3  1.15 

Coefficient 

Present  results  extrapolated  to  R-0  can  be  used  for  the  determination  of 
the  equilibrium  distribution  coefficient  k^.  The  relationship  between 
effective  and  equilibrium  distribution  coefficients  can  be  expressed  by: 

k 

k  - - - -  (2) 

eff  k^  +  (1-k^)  exp  (-R6/D) 


Bulk  growth 
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Figure  2.  depicts  the  dependence  of  ln[  l)/kgf £■]  on  R.  To  the 

limits  of  experimental  error  this  dependence  is  linear.  By  extrapolating 
to  R=0,  one  finds  a  value  k^  of  approximately  3.5.  The  linearity  of  the 
[ (^ef f ‘ ^ ^ /^ef f ^  dependence  on  R  also  Indicates  that  5/D  remains  more  or 
less  constant,  i.e.  that  the  5/D  ratio  is  not  considerably  disturbed  by 
changes  in  the  pulling  rate.  From  the  same  data  5/D  is  estimated  to  be 
0.28  (h/cm)  .  If  we  assume  the  diffusion  constant  to  be  of  the  order  of 
magnitude  10  ^(cm^/sec),  one  can  estimate  the  effective  diffusion  layer 
thickness  to  be  0.1mm. 

In  order  to  compare  the  distribution  coefficient  of  carbon  witli 
predictions  based  on  chemical  trends  we  plotted  in  Figure  3  measured 
values  of  k  for  group  IV  elements  in  GaAs  against  their  covalent  radii. 
Correlation  of  this  type  was  observed  for  Ge  (Willardson  and  Allred 
(1967)'.  In  spite  of  a  considerable  scatter  in  reported  experimental 
vlaues  of  k  in  GaAs  it  is  evident  from  Figure  3  that  same  type  of 
correlation  holds  for  GaAs  as  well.  Extrapolation  of  this  trend  from  Pb, 
Sn.  Ce  and  Si  to  C  indicates  that  one  should  indeed  expect  a  high  k  value 
tor  C  in  GaAs,  in  accordance  with  our  experimental  finding  of  kQ=3.5. 

3.  Discussion 

The  value  of  3.5  for  which  we  have  obtained  in  this  work  is 

considerably  higher  then  up  to  now  published  data  for  In  earlier 

reported  results  based  on  indirect  methods  of  carbon  determination 
Willardson  and  Allred  (  1967  ).  Thomas  et  al .  (1984)],  the  effective 
di.st  rihur  ion  coefficient,  ^^ff.  fot  carbon  in  GaAs  was  estimated  to  be 
'.>.8  and  0.9.  respectively,  indicating  an  almost  uniform  concentration  of 
carbon  along  the  ingot  with  only  a  slight  increase  from  seed  to  tang  end. 
Conversely.  Chen  et  al .  (1984)  found  the  carbon  concentration  in  the  seed 
end  to  be  approximately  three  times  larger  chan  in  the  tang  end.  which 
indicates  that  carbon  tends  to  segregate  from  liquid  into  solid  phase  of 
CaA-s .  In  their  work,  the  carbon  concentration  was  determined  by  far 
infrared  localized  vibrational  mode  (LVM)  absorption,  and  was  in  the 
range  of  0.8-2. 5  x  10  ^  C  atoms/cm  .  (IR-LVM  absorption  can  detect  only 
^  As  ’  there  is  no  evidence  that  carbon  occupies  any  other 

place  in  the  GaAs  lattice,  and  in  particular  not  for  the  case  of  low 
c.ti'hon  concentrations.)  Applying  the  LVM  method  to  two  carbon  doped  (up 
to  -♦  X  10  C/cin  )  LEG  GaAs  ingots,  pulled  at  a  rate  of  2  cui/h,  Kobayashi 
and  O.s.ika  fl985)  determined  k^^^  to  be  1.44.  Kirkpatrick  et  al.  (1985) 
also  found  that  the  distribution  coefficient  for  carbon  in  G^aAs  is  larger 
than  1.  but  tfiat  it  is  a  strong  function  of  the  carbon  concentrations 
ranr.jng  from  1,3  to  2.3  for  a  concentration  range  of  5x10  ^  to 
x 1  fJ ^  ^ /era ^ .  Within  the  narrow  range  of  initial  melt  carbon  concentration 
w  our  samples  i  1  -  4x10^  )  we  did  not  observe  such  a  trend  (Figure 

1>  However,  even  if  there  is  some  concentration  dependence  of  in 

our  <'a.se.  it  is  f>hviou.slv  insignificant  in  comparison  with  the  much 
stroTiger  influence  of  pulling  rate  on  carbon  distribution  along  the 
i 


In  this  wr)rk,  we  have  sliown  that  ^^.ff  is  strongly  dependent  on  the 
puliir.g  ratt-.  The  value  of  k^^-^  *=  1.44  f  0.08  obtained  bv  Kobavashi  and 
Osak.t  at  a  pulling  rate  of  2  cra/h.  is  in  good  agreement  with  the 
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results  at  a  similar  pulling  rate  in  this  work,  as  shown  in  Figure  2. 
The  carbon  distribution  in  ingots  grown  by  Chen  et  al.  (1984)  also  showed 
that  k  must  be  larger  than  1,  but  we  were  not  able  to  compare 
quantitatively  their  results  with  ours  since  their  pulling  ratL  was  not 
specified.  The  earlier  published  values  of  0.8  and  0.9  were  estimated 
from  Hall  analysis.  The  presence  of  other  donors  and  acceptors  can 
easily  mislead  the  interpretation  of  the  Hail  experimental  data.  In 
addition,  the  GaAs  crystals  analysed  by  Thomas  et  al .  (1984)  were  p-type, 
Ga-rlch  GaAs  material,  and  one  can  not  exclude  the  possibility  that  C 
behaves  differently  in  non-stoichiometric  material. 

Large  equilibrium  distribution  coefficient  of  C  in  GaAs  can  have 
serious  practical  consequences;  for  compensation  mechanism  and 
especially  for  n-  to  p-type  conversions.  Wafers  cut  from  the  tang  end  of 
the  ingot  will  have  a  considerably  lower  carbon  concentration  than  wafers 
cut  from  the  seed  end,  especially  in  ingots  grown  at  low  pulling  rates. 
If  carbon  is  really  the  main  shallow  acceptor  and  thus  responsible  for 
compensation  of  residual  shallow  donors,  then  its  presence  is  crucial  to 
obtain  semi - insulating  GaAs.  A  considerable  decrease  in  its 
concentration  at  tang  end  should  then  lead  to  n-type  conductivity  in  that 
part  of  ingots.  This  effect  should  be  further  enhanced  by  the  fact  that 
all  important  shallow  donor  impurities  (Si,  Se ,  Te)  have  distribution 
coefficients  lower  than  1,  i.e.  they  tend  to  accumulate  toward  the  tang 
end  of  the  ingot.  Experimentally,  however,  just  the  opposite  behavior  is 
observed;  LEG  grown  GaAs  Si  ingots  often  tend  to  become  p-type  at  the 
tang  end.  Present  results  obviously  rule  out  the  possibility  that  the 
accumulation  of  carbon  at  tang  end  can  significantly  contribute  to  n-  to 
p-type  conversion.  Therefore,  it  seems  that  some  other  acceptors 
(perhaps  native  defects)  play  an  important  role  in  the  compensation 
mechanism  observed  in  SI  GaAs,  and  that  those  defects  may  be  responsible 
for  SI  behavior  in  at  least  the  tang  end  of  LEG  GaAs  crystals. 

Acknowledgements 

The  authors  would  like  to  thank  J.  Lagowski  for  his  continual 
encouragement  and  many  useful  comments.  They  wish  to  thank  M.  Gretella 
and  M.  Skowronski  for  helpful  discussions  and  D.  Smith  for  his  kind 
collaboration  in  FTIR  measurements. 

References 

Brozel  M  R  1986  EMIS  Datareviews  Series  No.  2.  (London  &  New  York: 

INSPEG)  pp  13.1. 

Ghen  R  T,  Holmes  D  E,  and  Asbeck  P  M.  1984  Appl .  Phys .  Lett.  ^  459 
Holmes  D  E,  Ghen  R  T,  Eliot  K  R  and  Kirkpatrick  G  G  1980  Appl.  Phvs . 

Lett.  W,  46, 

Homma  Y  and  Ishli  Y  1984,  J.  Appl.  Phys.  W,  2931. 

Kirkpatrick  G  G,  Ghen  R  T,  Holmes  D  E,  and  Eliot  K  R  1985,  Gallium 

Arsenide,  Materials,  Devices  and  Gircuits  (New  York: , Wiley)  pp  39-94. 
Kobayashi  T  and  Osaka  J  1984,  J.  Grystal  Growth,  240. 

Thomas  R  N,  Hobgood  H  M,  Eldridge  G  W,  Baret  D  L,  Bagglns  T  T,  Ta  L  B  and 
Wan  S  K  1984,  Semiconductors  and  Semimetals  (Orlando:  Academic  Press 
Inc.)  pp  1-87. 

Willardson  R  K  and  Allred  W  P  1967,  GaAs  and  Related  Gompounds  (London: 
Inst.  Phys.)  pp.  35-40. 


Inst.  Phys.  Conf.  Ser.  No.  S3:  Chapter  2 

Paper  presented  at  Irtt.  Symp.  Ga.As  and  Related  Compounds,  Las  Vegas,  Nevada,  1986 


39 


The  effects  of  residual  acceptors  on  the  electrical  properties  of  low  pressure 
LEC  GaAs:  a  comparison  of  theory  and  experiment 


W.M.  Duncan  and  G.H,  Westphai 

Texas  Instruments  Incorporated,  Central  Research  Laboratories, 

Dallas,  Texas  75265 

ABSTRACT 

In  this  study  we  have  determined  the  concentration  of  residual  impurities  and 
defects,  and  electrical  properties  of  undoped  and  In  doped  GaAs  ingots  grown 
using  the  low  pressure  liquid  encapsulated  (LP-LEC)  Czochralski  technique.  A 
novel  approach  of  using  a  combination  of  photoluminescence  and  infrared 
absorption  measurements  to  quantitatively  measure  total  acceptor 
concentration  is  presented.  Variation  in  the  residual  acceptor  concentration  is 
found  to  be  the  dominant  variable  in  determining  the  electrical  properties  of 
LP-LEC  GaAs.  Deep  donor  concentrations  are  shown  to  be  relatively  invariant 
within  ingots  and  from  ingot-to-ingot.  A  multilevel  model  was  also  developed 
to  calculate  the  electrical  properties  of  these  ingots  from  the  measured 
concentrations  of  electrically  active  centers.  Using  the  multilevel  model,  the 
calculated  resistivities  are  in  good  agreement  with  those  measured 
experimentally  Calculations  also  show  that  the  resistivity  is  a  very  sensitive 
function  of  deep  donor  activation  energy. 

INTRODUCTION 

Undoped  semi-insulating  GaAs  grown  by  the  liquid  encapsulated  Czochralski  (LEC) 
technique  is  receiving  much  attention  as  a  substrate  material  for  fabricating 
monolithic  microwave  and  digital  integrated  circuits  Although  high-pressure  in 
situ  synthesis  and  LEC  growth  of  GaAs  is  currently  in  common  use,  low  pressure  in 
situ  synthesis  and  LEC  growth  (Pekarek  1970,  Hughes  and  Li  1982,  Duncan  1983)  is 
an  efficient  alternative  to  the  high-pressure  method  The  quality  of  low-pressure 
LEC  (LP-LEC)  GaAs,  however,  has  not  been  well  established.  Furthermore,  no 
detail  studies  have  been  reported  to  date  as  to  the  residual  impurity  and  defect 
characteristics  of  low  pressure  material. 

Since  the  early  work  by  Haisty,  et  al  (1962)  on  high  resistivity  behavior  in  GaAs, 
there  have  been  numerous  papers  which  have  undertaken  to  explain  the  electrical 
properties  of  GaAs  based  on  measured  impurity  concentrations  or  on  intentional 
doping.  The  first  indications  that  the  phase  extent  of  Ga'As  is  electrically  active 
were  presented  by  Lombos,  et  al.  (1982)  resulting  from  a  comparison  of  impurity 
and  transport  measurements  to  Fermi  level  calculations.  At  about  the  same  time, 
the  importance  of  stoichiometry  on  the  electrical  properties  of  GaAs  was 
demonstrated  from  high  pressure  LEC  growth  experiments  (Holmes  et  al  1982,  Ta 
et  al  1982).  In  the  current  work  we  have  grown  undoped  and  In  doped  LP-LEC 
GaAs  crystals  from  melts  compounded  in  situ  at  low  pressure.  Impurity  and  defect 
assessments  of  the  LP-LEC  material  were  carried  out  using  a  combination  of 
spectroscopic  techniques.  In  addition,  the  Fermi  energy  and,  hence,  the  electrical 
properties  of  these  ingots  were  calculated  from  the  spectroscopically  measured 
concentrations  of  electrically  active  centers  using  the  charge  neutrality  equation 
and  statistical  expressions  for  ionized  impurity  and  carrier  concentrations. 
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Calculated  electrical  properties  were  compared  to  those  determined  from  Hall 
measurements. 

EXPERIMENTAL 

The  low-pressure  material  used  in  this  study  was  synthesized  and  grown  in  a 
modified  silicon  crystal  puller  at  pressures  less  than  30  psig  (207  kPa).  The  crystals 
were  pulled  in  the  <100>  direction  from  unintentiona'-fy  doped  or  isovalent  In 
doped  melts.  The  melts  were  synthesized  in  situ  at  low  pressure  just  prior  to 
growth.  A  resistively  heated  arsenic  injection  cell  was  used  to  introduce  arsenic 
gas  into  the  liouid  Ga  melt  held  at  the  melting  point  of  GaAs.  Pyrolytic  BN  crucible 
liners  and  dry  boric  oxide  (~120  ppmw  water.  Rasa  grade  "D")  encapsulant  were 
used  in  all  cases.  Melts  were  arsenic  rich  (As/Ga  of  1  005)  with  volumes  of  3500  to 
7000  grams  starting  with  7  nines  Ga  (Alusuisse)  and  6  nines  double  refined  As 
(Cominco).  Due  to  the  controlled  compounding  reaction  obtained  using  arsenic 
injection,  melts  with  repeatable  stoichiometry  were  prepared.  These  crystals  were 
grown  with  nominal  body  diameters  of  3  3  inches  Crystal  rotations  of  8  rpm  CCW 
and  crucible  rotations  of  4  rpm  CW  were  typically  used.  All  crystals  were  post 
annealed  at  850°C  for  24  hours  prior  to  wafering.  Dislocation  densities  as 
delineated  using  KOH  etching  varied  from  6,000  to  80,000  per  cm^  in  these 
crystals. 

The  chemical  properties  of  the  low  pressure  GaAs  were  determined  using 
secondary  ion  mass  spectroscopy  (SIMS),  localized  vibrational  mode  (LVM) 
absorption,  near  infrared  (NIR)  electronic  optical  absorption  and  photo¬ 
luminescence  (PL).  The  SIMS  measurements  were  performed  using  a  Cameca  IMS- 
3F  ion  microanalyser.  The  localized  vibrational  mode  analysis  of  carbon  employed 
an  IBM  Instruments  IR-98  Fourier  Transform  Infrared  (FTIR)  spectrometer.  Carbon 
measurements  were  made  at  77  K  on  80  to  120  mil  thick  slabs.  The  carbon 
absorption  coefficient,  a,  at  583  cm  '  was  calculated  using  the  expression, 
ln(T/T_^)  =ax,  where  T  and  T^  are  the  peak  and  baseline  transmittances  at  583  cm  ', 
respectively,  and  x  is  the  specimen  thickness.  The  optical  absorption  cross-section 
of  Hunter,  et  al.  (1984)  was  used  to  convert  from  carbon  absorption  strength  to 
concentration.  The  material  was  also  analysed  using  photolurriinescence  (PL) 
measurements  An  unfocused  Ar*  ion  ion-pump  laser  at  5145  A  with  incident 
power  density  of  approximately  1  W/cm-  was  used  for  exciting  the  luminescence. 
The  emitted  light  was  collected  and  then  analyzed  using  either  a  Michelson 
interferometer  or  a  0.8  M  dispersive  double  monochromator.  Near  infrared 
absorption  measurements  were  made  using  a  Cary  14R  spectrophotometer  at 
room  temperature  on  80  to  120  mil  thick  slabs  The  absorption  coefficient,  a,  at 
1 .097e\/  was  calculated  using  the  expression,  ln(T/T  )  =  ax  where  T  and  T  are  the 
transmittances  at  1 .097  eV  and  0  60  eV,  respectively,  and  x  is  the  sample  thickness. 
The  conversion  coefficient  of  Martin  (1981)  was  used  to  convert  the  1.1  eV 
absorption  coefficient  to  deep  donor  concentration.  Resistivity  and  mobility 
values  of  as-grown  material  were  determined  using  low  current  van  der  Pauw-Hall 
effect  measurements  (Hemenger  1973).  Sample  contacts  were  formed  by  alloying 
with  In. 

RESULTS  AND  DISCUSSION 

Impurity,  defect  and  electrical  measurements  were  made  on  seed  and  tail  samples 
from  six  undoped  and  two  indium  doped  ingots  (0.1%  by  weight  in  the  melt).  The 
concentration  of  residual  shallow  donors  Si,  S,  Se  and  Te  were  determined  from 
SIMS  The  concentrations  of  the  shallow  donors  Si,  S  and  Te  were  always  found  at 
the  background  of  SIMS  on  any  given  day  Average  concentrations  were  3X10’“, 
5X10'“  and  2X10'^  cm  ’  for  Si,  Sand  Te,  respectively.  Residual  Se  levels  were  found 
between  9X10'^  and  2X10’“  cm  an  order  of  magnitude  higher  than  the  SIMS 
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background.  Therefore,  from  the  SIMS,  an  upper  limit  of  5X10’“  to  1X10'^  cm  ’  is 
expected  for  the  total  residual  shallow  donors  concentration  in  this  material. 

The  shallow  acceptors  C,  Mg(Be),  Zn,  Si,  were  analysed  using  a  combination  of 
LVM  absorption  and  photoluminescence.  Carbon  was  first  measured 
quantitatively  from  its  LVM  absorption.  Photoluminescence  measurements  were 
then  used  to  determine  the  relative  intensities  of  the  free-electron-to-neutral 
acceptor,  F-A'^,  transition  for  C,  Mg(Be),  Zn  and  Si.  Magnesium  and  beryllium  are 
indistinguishable  in  PL  due  to  their  nearly  equal  ionization  energies  (Ashen  et  al 
1975).  Based  on  quantum  mechanical  calculations  for  shallow  acceptors  in  direct 
gap  semi-conductors  (Dumke  1963),  F-A°  transition  probabilities  are  proportional 
to  the  impurity  concentration.  A  small  correction  in  calculating  shallow  acceptor 
concentrations  from  PL  intensity  ratios  is  required  due  to  the  differences  in 
transition  probability  resulting  from  the  different  activation  energies  for  each 
impurity  In  order  to  avoid  contributions  from  neutral  donor  to-neutral  acceptor 
(D'^-A”)  transitions  to  the  manifold  of  acceptor  bands,  impurity  ratios  must  be 
extracted  from  spectra  taken  at  sufficiently  high  temperatures  (typically  25°K) 
such  that  the  donors  are  predominately  ionized  Shown  in  Figure  1  is  the  PL 
spectrum  of  a  low  carbon  sample  which  also  contains  Mg(Be),  Zn  and  Si  residual 
acceptors  A  four  Gaussian  fit  (dashed  line)  has  been  used  to  approximate  the 
individual  acceptor  contributions  to  the  acceptor  manifold.  Contributions  due  to 
impurities  other  than  C  have  been  found  significant  only  for  low  carbon  material 
([CI<1X10’-  cm  ').  The  presence  of  Ge,  Sn,  Cu  and  Mn  acceptors  can  also  be 
detected  by  PL,  but  these  impurities  have  not  been  observed  in  any  LP-LEC  GaAs 
studied  to  date  Total  shallow  acceptor  concentrations  m  these  ingots  measured 
using  LVM  absorption  and  PL  are  found  to  vary  from  1X10  to  1 .5X10®  cm  T 
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FIGURE  1.  PL  Spectrum  ( — )  and 
Gaussiam  fit  (-  -)  of  a  low  carbon 
specimen  at  4  2  K  Free  electron- 
to  neutral  acceptor,  F-A  ,  band 
positions  are  indicated  for  C, 
Mg(Be),  Zn  and  Si  Free  exciton 
and  bound  exciton  recombi¬ 
nations  are  also  shown 


Deep  acceptor  concentrations  have  also  been  determined  for  these  ingots  using 
SIMS  measurements  The  deep  acceptors  were  found  at  the  background  of  SIMS 
on  any  given  day  The  average  SIMS  backgrounds  are  2X10  '  cm  ’  for  both  Cr  and 
Mn  and  1  5X10  ’  cm  ’  for  Fe  From  consideration  of  segregation  coefficients, 
these  metal  impurities  would  be  expected  to  accumulate  in  the  last  to  freeze 
region  of  the  crystal  However,  transition  metals  in  samples  taken  from  the  tails 
of  these  crystals  are  also  observed  at  or  below  the  background  of  SIMS  Therefore, 
transition  metal  impurities  are  expected  to  be  present  at  levels  well  below  the 
SIMS  background  in  these  crystals 
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Deep  donor  concentrations  have  been  determined  using  the  near  infrared 
absorption  method  of  Martin  (1981)  Although  the  nature  of  the  deep  center  (i  .e., 
EL2  vs.  ELO)  is  not  defined  from  the  near  IR  measurement,  Skowronski,  et  al. 
(1986)  have  shown  that  the  deep  donor  optical  cross-sections  are  nearly  equal  for 
EL2  and  ELO.  The  mean  neutral  deep  donor  concentration  (EL2  plus  ELO)  in  these 
ingots  was  found  to  be  1.5X10'*’ cm  ’  and  varied  +/-22%  (+/-  1  sigma  relative  to 
mean).  The  uncertainty  due  to  measurement  signal-to-noise  is  +/-2X10’^  cm  ^  or 
+  /-13%  of  the  mean  and  no  systematic  variations  were  observed  from  seed-to-tail 
in  these  crystals. 

From  consideration  of  the  relative  concentrations  of  shallow  donors  and  shallow 
acceptors  in  this  material,  the  electrical  conductivity  of  these  crystals  have  been 
calculated  based  on  the  presence  of  three  level  types,  deep  donor,  shallow 
acceptors  and  shallow  donor.  We  have  not  included  the  deep  acceptors  in  this 
treatment  as  the  shallow  acceptor  concentration  exceeds  the  shallow  donor 
concentration.  Since  at  room  temperature,  deep  centers  ionize  only  as  a  result  of 
trapping  excess  carriers  of  the  opposite  charge  type,  deep  acceptors  would  not 
contribute  to  conductivity  in  the  presence  of  excess  shallow  acceptors. 
Furthermore,  the  deep  acceptor  concentrations  in  this  material  have  been  shown 
indirectly  to  be  present  at  very  low  levels. 

The  position  of  the  Fermi  energy,  E,,  as  a  function  of  impurity  concentration  can 
be  determined  from  the  charge  neutrality  condition 

n  +  S  Na,"  =  p+  .1  Nd,’*  (1) 

I  I 

where  n  and  p  are  the  free  electron  and  hole  concentrations,  respectively,  and 
Nai*  and  Ndi*  are  the  ionized  acceptor  and  ionized  donor  concentrations, 
respectively.  Assuming  nondegenerate  carrier  concentrations,  Fermi-Dirac 
statistics  can  be  used  to  determine  the  quantities  in  the  charge  neutrality 
equation  The  free  electron  and  free  hole  concentrations  are  given  under  these 
conditions  by: 

n  =  Nc  exp(  (Eg-EF)/kTJ  (2) 

and 

p  =  N,exp[-(EF)/kTl  (3) 

where  Nc  and  Ny  are  the  conduction  band  and  combined  light  and  heavy  hole 
valence  band  density  of  states,  respectively.  Eg  is  the  295  K  bandgap  of  GaAs,  Ef  is 
the  Fermi  energy,  k  is  Boltzman's  constant  and  T  is  temperature.  The  Nc  and  Ny 
values  given  by  Blakemore  (1982)  are  used  in  the  calculation.  The  ionized 
acceptor  concentration  is  given  by 

Nai*  =  Na,{1  +  {1/g)expl(Ea,EF)/kT)}'  (4) 

and  the  ionized  donor  concentration  given  by 

Nd,-  =  Nd|{1  +  g  exp((EF-Edj)/kT)}  '  (5) 

where  Na,  and  Ngj  are  the  specific  doping  concentrations  and  Ea,  and  Ed,  are  the 
respective  activation  energies  The  degeneracy  factor,  g,  is  taken  to  be  4  for 
shallow  acceptors  and  2  for  both  the  deep  and  shallow  donors  , 

In  the  case  of  deep  donors,  concentrations  were  calculated  from  the  absorption 
coefficent,  a,  at  1.1  pm.  Since  the  1.1  pm  absorption  is  due  to  the  electronic 
transition  between  neutral  deep  donor  states  and  the  conduction  band,  the 
absorption  coefficient  depends  both  on  total  deep  donor  concentration  and  the 
Fermi  energy  (Walukjewicz  1983).  Therefore,  the  deep  donor  contribution  is 
entered  into  the  calculation  as  an  absorption  coefficient  rather  than  a 
concentration.  The  absorption  coefficient  at  1  1pm  isgiven  by: 
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a=N<jd7l-0o  (6) 

where  Ndd^  is  the  total  deep  donor  concentration,  o  is  the  absorption  cross-section 
and  f  is  the  deep  donor  Fermi  function: 

f  =  {1  +  (gexpUEF-EddVkT))}’  (7) 

Hence,  the  ionized  deep  donor  concentration  is  given  by ; 

Ndd*  =  (a/o)f/(1-f)  where  f  5=  i  (8) 

With  these  equations,  the  known  physical  constants,  the  measured  shallow 
impurity  concentrations,  and  the  deep  donor  absorption  coefficient,  a  unique 
value  for  the  Fermi  energy  can  be  found. 

Once  the  Fermi  energy  has  been  determined,  the  resistivity  can  be  calculated 
using  equations  2  and  3  and  the  resistivity  equation : 

p  =  [q(epe  +  PMh)]'  (9) 

where  pe  ^rid  ph  ^re  the  conductivity  (drift)  mobilities  for  electrons  and  holes, 
respectively.  Although  drift  mobilities  in  general  are  expected  to  vary  with 
ionized  impurity  concentration,  all  of  the  material  studied  has  low  free  carrier 
concentrations  (less  than  108  cm-3)  and  low  total  ionized  impurity  concentrations 
(less  than  2  X  10>8  cm-3).  Hence,  the  weak  doping  mobilities  cited  by  Blakemore 
(l982)  are  used  in  the  calculations. 

Shown  in  Figure  2  is  the  resistivity  versus  shallow  acceptor  concentration  behavior 
for  three  deep  donor  activation  energies  calculated  based  on  the  three  level 
model.  The  curves  in  Figure  2  were  calculated  for  a  near  IR  absorption  coefficient 
of  1.20  cm- 1  (Ndd  of  1.52  X  10 ’6  cm-3  for  an  f  of  zero  in  equation  6  above )  and  for  a 
shallow  donor  concentration  of  5  x  10'4  cm-3.  Also  shown  in  the  figure  is  the 
experimental  resistivity  versus  total  acceptor  concentration  data.  As  can  be  seen 
from  the  figure,  the  resistivity  in  this  regime  is  very  sensitive  to  the  deep  donor 
activation  energy.  The  experimental  data  agree  with  a  deep  donor  activation 
energy  of  about  0  65  eV  Not  unexpectedly,  calculated  resistivities  are 
independent  of  both  shallow  donor  activation  energy  over  the  range  of  5  to  7 
meV  and  shallow  acceptor  activation  energy  over  the  range  of  25  to  40  meV. 


ACCEPTOR  CONCENTRATION  (CM-3) 


FIGURE  2.  Resistivity  versus 
total  acceptor  concentration 
determined  experimentally  (•) 
and  calculated  from  three  level 
model  Calculated  curves  are 
for  deep  donor  activation 
energies  of  0  69  meV  (— ),  0.65 
meV  ( — )  and  0  ^3  meV  (-•-). 
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Using  a  deep  donor  activation  energy  of  0.65  eV  and  a  shallow  donor 
concentration  of  5  x  cm-3,  the  Fermi  energy  has  been  calculated  for  each 
sample  from  the  total  shallow  acceptor  concentration  and  the  near  IR  absorption. 
The  calculated  Fermi  energies  vary  from  0.754  to  0.823  eV.  From  these  Fermi 
energies  and  equations  7  and  8  above,  the  deep  donor  centers  are  calculated  to  be 
less  than  1%  ionized  in  these  crystals. 

CONCLUSION5 

From  impurity  and  defect  evaluations  of  high  purity  LP-LEC  GaAs  ingots,  variations 
in  the  total  shallow  acceptor  concentration  are  found  to  be  the  dominant  variable 
in  determining  the  resistivity  of  as  grown  material.  The  carbon  shallow  acceptor  is 
found  in  all  ingots  with  Zn,  Mg(Be)  and  5i  also  contributing  to  the  resistivity  in  low 
carbon  material.  Variations  in  total  deep  donor  concentrations  in  this  material 
are  small.  Good  agreement  is  demonstrated  between  electrical  properties 
calculated  from  measured  impurity  concentrations  and  those  determined  from 
Hall  measurements. 
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Abstract  The  main  acceptor  in  unclopeci  LEC  SI-GaAs  has  been 

considered  to  be  carbon.  However,  the  crystal  with  j  low  carbon 
concentration  (  <  IX  10^  cm  even  revealed  a  high  resistivity 

(>  IxlO^Q  cm).  This  suggests  that  acceptots  other  than  carbon  should 
be  considered  to  explain  the  sem i - i nsulat ing  mechanism.  The  highly 
Si-  or  Al-doped  crystals  with  the  high  B  concentration  (  >  1x10^° 


-3 


)  were  p-type.  Infrared  absorption,  SIMS  and  Hall  effect 


measurements  were  carried  out  to  estimate  the  concentration.  We 
have  found  that  the  3  -  4%  to  the  total  boron  concentration  occupies 
the  arsenic  site  and  acts  as  acceptors.  In  Sl-crystals  with  the  high 
b  concentration  (>1x10^  cm”^),  the  presence  of  possiblly 
contributes  to  the  Sl-mechanism, 


1 .  Introdouct ion 

Undoped  sem  i  -  i  nsu  I  a  1 1  ng  (SI)  GaAs  is  promising  to  fabricate  high-speed 
integrated  circuits  and  microwav**  devices.  The  Sl-mechanism  has  been 
explained  by  the  compensation  of  the  deep  donor  EL2  with  the  excess 
acceptors  over  shallow  donors  (Martin  ct  al.  1980,  Holmes  et  al,  1982a). 
The  main  acceptor  has  been  suggested  as  carbon  (Holmes  et  al,  1982a,  Ta 
Gt  al,  1982J,  However,  the  crystal  with  a  very  low  carbon  concentration 
(<  1  X  10^  cm  ^)  also  revealed  a  high  resistivity  (  >  1  X  10^i?-*cm). 
Furthermore,  it  has  been  reported  that  the  conversion  factor  from  the 
absorption  coefficient  to  the  carbon  concentration  conventionally 
obtained  by  FTIR  is  a  few  times  larger  than  the  result  obtained  by 
secondary  ion  mass  spectroscopy  (SIMS)  (Homma  et  al,  1985),  These 
suggest  that  acceptors  other  than  carbon  should  be  co,nsidered  to  explain 
the  Sl-mechanism.  Boron  on  th«?  arsenic  site  is  the  most  possible 

candidate  for  the  acceptor,  but  there  have  been  no  detailed  studies.  In 
this  paper,  we  describe  the  role  of  the  acceptors  in  LbC  SI-GaAs 

based  on  the  results  obtained  infrared  absorption  (IR),  SIMS  and  Hall 
effect  measurements, 
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Table  I  Characteristics  of  Si*  or  Al-doped  crystals  with  a  high  B 
concentration. 


Si  -  doped 


A I  -  doped 


Al  -  doped 


P 

2E  16 


2EI6 


I2E16 


CSi  ] 
IE  17 


<1  EI5 


<1E15 


[EL21 


~IEI6 


~1EI6 


tBAsJ 

I.2EI7 


3E16 


I3E16 


C  B] 


3EI8 


0.04 


IEI8 


0.03 


3E18 


0.04 


2.  Experimental 


The  crystals  used  in  this  study  were  grown  in  an  Ar  ambient  from  PBN 
crucibles  using  a  high  pressure  puller  by  the  LEG  technique  with  in  situ 
synthesis.  The  infrared  absorption  spectra  were  acquired  with  the  FTIR 
spectrometer  with  Csl  beamsplitters.  The  measurements  were  carried  out 
at  10  K  by  using  a  temperature-variable  Dewar  with  KRS-5  windows.  The 
carbon  concentrations  were  determined  by  using  the  LVM  IR  method  at  room 
temperature.  The  conversion  factor  reported  by  Brozel  et  al.  was  used  to 
obtain  the  absolute  carbon  concentration  (Brozel  et  al.  1978).  The 
concentrations  of  boron,  silicon  and  other  impurities  were  measured  by 
SIMS.  The  absorption  coefficient  at  1.1  >im  was  determined  by  the  method 
reported  by  Martin  et  al.  (1979).  The  carrier  concentration  was 
determined  by  Hall  measurements  at  room  temperature. 


3.  Results  and  Discussion 


Highly  Si-  or  Al-doped  crystals  were  grown  under  the  growth  conditions 
similar  to  those  of  Sl-crystals  except  for  doping.  The  initial  arsenic 
atom  fraction  (x=As/As+Ga)  of  the  melts  was  0.503.  It  was  expected  that 
the  Si-doped  crystal  is  n-type  conductive,  while  the  Al-doped  crystal  is 
sem 1 - insu la t i ng,  since  Al  is  electrically  inactive  in  GaAs.  However, 
contrary  to  the  expectation,  all  the  crystals  were  conductive  with  p-type 
conductivity.  The  characteristics  of  the  crystals  are  summerrized  in 
Table  I.  Note  that  all  the  crystals  contain  the  high  boron  concentration 
(^  1x10  cm  ).  The  boron  was  unintentionally  incorporated  into  the 
crystals  by  deoxization  of  encapsulant  by  Si  or  Al,  since  Si02  and 
AI2O1J  are  more  stable  than  020^  near  the  melting  point  of  GaAs.  In  these 
crystals,  the  carbon  concentrations  were  less  than  2x10^^  cm”^,  other 
residual  acceptor  concentrations  were  less  than  1x10^^  om"^.  However, 
the  free  hole  concentrations  p  were  more  than  2x10^^  cm'^.  These 
results  show  that  acceptors  other  than  impurities  such  as  C,  Mg,  Mn  and 
Zn  must  be  present  in  these  crystals.  , 


The  presence  of  the  native  acceptor  defect  Ga^s  studied  by  infrared 
absorption.  Figure  1  shows  the  infrared  absoption  spectra  of  three 
crystals  (A)~(C).  (A)  was  the  undoped  Ga-rich  crystal.  (B)  and  (C) 
were  Si-  and  Al-doped  crystals  shown  in  Table  I,  respectively.  The 
infrared  absorption  around  574  cm"^  has  been  reported  to  be  related  to 
Ga^g  antisite  defects  (Elliott  1983).  The  peali  is  clearly  observed  for 
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(A),  but  not  for  (B)  and  (C). 
The  concentrations  of  (B) 

and  (C)  are  estimated  to  be 
less  than  1x10^^  cm  from  the 
peak  hight  (Elliott  et  al. 
1982).  This  is  consistent  with 
the  initial  melt  composition. 
This  result  suggests  that  no 
specific  stoichiometry  change 
was  occured  by  the  high  doping 
material  of  Si  or  Al. 

Boron  is  understood  to  occupy 
the  Ga-  or  As-site  in  GaAs,  but 
not  the  interstitial,  since  no 
change  in  the  depth  profile  of 
the  implanted  boron  has  been 
observed  during  annealing 
temperature  up  to  900  ®C 
(Toulouse  et  al.  1979),  The  B^^ 
is  electrically  inactive,  while 
the  B^g  acts  as  acceptors. 
Thus,  the  observed  p-type 
conversion  of  Si-  or  Al-doped 
crystals  can  only  be  explained 
by  occupation  of  the  highly 
doped  boron  on  the  arsenic 
site. 


Fig.  1  Infrared  spectra  of  three 
crystals  (A)'''(C). 


We  next  estimate  the  ratio  of 
e  the  concentration  to  the 

total  B  concentration  for  the 
crystals  shown  in  Table  I.  In 
p-type  crystals,  the  following 
equation  can  be  realized  to 
Np  +  Npp  ,  where  p  is  the  free  hole 
are  the  concentrations  of  shallow 


keep  charge  neutrarity:  =  p  +  Np  +  Npp  ,  where  p  is  the  free  hole 
concentration,  and  are  the  concentrations  of  shallow 
acceptors,  shallow  donors  Si  and  deep  donors  EL2  ,  respectively.  The 
EL2  concentration  was  neglected  in  the  highly  Si-doped  crystal  (Lagowski 
et  al.  1982).  The  contribution  of  carbon  is  also  neglected,  since  the 
carbon  concentrations  of  these  crystals  are  lower  than  p  (  >  2x10  cm  ) 
by  one  order  of  magnitude.  Thus,  we  can  estimate  the  B^^^  concentration 
(6^^  by  assuming  (b^J  =  '^a”*  total  B  concentration  [b^  was 
measured  by  SIMS.  The  calculated  results  shown  in  Table  I  indicates  that 
the  3  -  4  %  to  the  total  boron  concentration  occupies  the  As-site. 


When  undoped  LEG  Sl-crystal  is  grown  using  dry  820,^  ( <  lOOppm  wt  H2O), 
the  high  B  concentration  (>  1x10^^  cm*^)  is  incorporated  into  the 
crystal.  Then,  from  the  above  estimation,  B^^  acceptors  in  the  order  of 
10^^  cm  ^  may  be  present  in  the  crystal.  This  amount  would  be  large 
enough  to  contribute  to  the  Sl-mechanism. 


To  clarify  the  contribution  of  B^^  to  the  Sl-mechanism,  we  compared  the 
characteristics  of  Sl-crystals  containing  definitely  different  order  of 
boron  concentration  but  with  similar  carbon  concentration.  Emori  et  al. 
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Table  II  Characteristics  of  samples  (A)  and  (B)  in  Fig.  2, 


As  MOLE 

FRACTION 

B2O3 

(ppm) 

BORON 

(cm'^) 

CARBON 

(cm-3) 

S 

(0  cm) 

Cts> 

( cm" ' ) 

A 

0.46 

8 

0 

CVJ 

i 

1  xio'® 

1.2  xiO'® 

7x10^ 

1.0 

B 

050 

<100 

2xl0'^ 

1.5x10'® 

8x10^ 

15 

Fig.  2  Melt  comiXDSition  depondence 
of  resistivity  in  the  crystals 
grown  from  the  wot  and  dry  3 
(Fmori  et  al.  lObS). 


p-type  n-type  SI 


Fig.  3  Calculdtoil  resistivity  as  a 
function  of  the  FI. 2  concentration. 


have  found  that  the  initial  melt  composition  dependet;cr  of  the 
resistivity  is  definitely  different  for  the  crystals  grown  using  wet 
(2000  ppm)  and  dry  (100  ppm)  Hearaftor,  we  call  the  former  W- 
crystals  and  the  latter  D-crystals.  Their  results  are  shown  m  Fig.  2 
for  the  comparison  with  the  calculated  results  given  below.  Pole  tliat 
the  critical  melt  comixisition  changing  the  conductivity  from  n-typo  31  to 
p-type  is  distinctly  smaller  for  the  W-crystals  than  the  D-crystals. 

The  characteristics  of  two  typical  W-  and  D-crystals,  (A)  ami  (B)  arrowed 
in  Fkj,  2  are  summerized  in  Table  II,  fJoLo  that  the  boron  conc<^'ntrat  ion 
of  (A)  (1  ,v  10^  ■’  cm  )  IS  by  two  order  of  magnitude  lower  than  that  of 
(B)  (2  X  10^  cm  ^),  while  the  carbon  concentrations  arc  similar  to  each 
other.  The  absorption  coefficient  at  1-1  aim  (CX^  l)»  which  is 
corresponding  to  the  FL2  concentration  smaller  *in  (A)  than  in 
(B),  Since  these  samples  reveal  the  similar  resistivity,  the  Fermi  level 
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IS  also  located  at  the  similar  position.  Thus,  the  smaller  0(  of  (A) 
shows  the  lower  concentration  of  EL2,  since  the  effect  of  the  correction 
factor  attributed  to  the  electron  occupancy  function  of  EL2  is  neglected 
(Walukiewicz  et  al.  1983).  The  difference  of  0(  j  ^  between  (A)  and  (B) 
IS  due  to  the  melt  composition  change,  since  ^£^2  decreases  with 
decreasing  As  mole  fraction  (Holmes  et  al.  1982b). 

Figure  3  shows  the  calculated  resistivity  as  a  function  of  the  N££2  under 
the  conditions  of  =  2  X  lo'^  cm‘^  and  5  X  10^'®  cm'^  (Johnson  et 

al.  1983,  Ki)iuta  et  al.  1984).  This  indicates  that  the  critical  EL2 
concentration  changing  the  conductivity  from  p-  to  n-type  increased  with 
increasing  -  N[j.  Figures  2  and  3  suggest  that  -  Njj  is  large  in  D- 
crystals  than  in  W-crystals.  The  of  D-crystals  has  been  found  to  be 
similar  to  that  of  W-crystals,  indicating  that  large  -  Njj  means  large 
N^.  Since  the  carbon  concentrations  of  D-crystals  are  similar  to  those  of 
W-crystals,  the  presence  of  accef>tors  other  than  carbon  should  be 
required  in  D-crystals.  As  shown  above,  if  the  3  -  4  »  of  total  boron 
atoms  occupies  the  arsenic  site,  ttie  concentration  is  high  enough  to 

explain  the  large  of  D-crystals.  Therefore,  we  conclude  that  the 

large  -  Np  of  D-crystals  is  due  to  the  large  B^g  concentration, 
indicating  the  contribution  of  the  boron  acceptors  B^g  to  the  SI- 
mechanism  in  the  LEG  GaAs  crystals  with  the  high  boron  concentration 
(>1X10®'  cm"^). 

It  has  been  speculated  that  the  melt  composition  becomes  more  As-rich 
with  increasinf-j  in  the  water  content  in  the  ^20^  encapsulant  to  explain 
the  smaller  critical  melt  composition  for  the  W-crystals  (Emori  et  al* 
198^)).  About  30  q  decrease  in  Ga  is  needed  to  explain  the  shift  in  Fig, 
2,  when  500  g  Ga  is  initially  charged  in  the  crucible.  However,  such  an 
large  amount  of  Ga  loss  during  thr  growth  was  not  observed  in  our 
experiments.  Therefore,  the  melt  romp>osition  change  seems  not  to  be  the 
main  reason  for  the  critical  nelt  comix:>sition  shift  in  Fig,  2, 

Boron  on  arsenic  site  has  been  observed  using  LVM  spectroscopy  (Gredhill 
et  al.  1984).  The  app;earance  of  t>y  bVM  depentls  on  the  charge  state 

of  i.e,,  the  negative  charge  state  is  only  detectable.  Thus,  in  p- 

type  material,  no  I,V>:  absorption  is  detectable  since  the  charge  state  of 
^As  neutral.  Accordingly,  the  LVM  peak  of  was  not  observed  in  the 

Si-  or  Al-doped  crystals  in  spite  of  the  high  B  concentration.  The  more 
direct  evidt-ncu  of  the  oresenct-  b,  would  be  obtained  from  the  LVM 
observation  for  th*.*  cry.stals  shown  ir»  Tat)le  I  changing  the  charge  state 
by  the  neutron  i  r  rad  i  .i  1 1  on. 


4 .  Summary 

The  mam  acceptor  in  undop^ed  LLC  SI -GaAs  has  been  considered  to  be 
carb<in.  However,  the  crystal  with  a  low  carbon  concentration  {  ^  1  X 
10^^  cm  ^ )  even  revealed  a  high  resistivity  (>lxl0®^cni).  This 
suqg€»sts  that  acccpjtors  other  than  carlxin  should  be  considred  to  explain 
the  sem i - insulat inq  mechanism.  We  have  investigated  the  role  of  boron  in 
the  crystals  and  have  found  that  the  3  -  4  %  to  the  total  boron 
concentration  occupies  the  As-siLe  and  acts  as  accep)tors. 
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A  TEM  study  of  precipitates  in  As-grown  semi-insulating  indium-doped 
GaAs 
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Abstract  Precipitation  in  as-grown  seiiii-insiilating  In-doped  GaAs  crystal  has  been 
studied  using  transmission  electron  microscopy  Hexagonal  .\s  precipitates  that  exhi¬ 
bit  a  very  simple  orientation  relationship  with  the  Ga.As  matrix  were  found,  although 
the  cry.stal  showed  no  evidence  of  In-containing  particles  Precipitates  of  quite 
different  phase(s).  very  likely  a  new  .As-rich  Ga-.As  phase,  have  also  been  observed  with 
very  large  interplanar  sp^ciiif^  The  number  density  of  these  particles  is  estimated  to 
be  approximately  1  .'ixlO  cm' 

1.  Introduction 

Precipitates  in  a-s-grown  (ia.As  are  believed  to  affect  the  properties  of  Ga.As  both  structurally 
and  electronically  (Dfteii  ihey  are  siiidied  in  relation  to  the  behavior  of  grown-in  dislocations 
(Stirland  et  al.  19SI,  for  examplel  and  in  fact  have  been  suspected  to  be  a  potential  source  of 
dislocations  (Cornier  et  al.  19SI  \|  They  are  also  believed  to  be  important  to  the  homogenei¬ 
ty  of  crystals,  related  in  general  to  the  distribution  of  point  defects.  In  fart,  the  precipitates 
are  suspected  to  be  responsible,  at  least  parlially.  for  the  fad  that  the  ICL.,  concentration  in  a 
Ga.As  crystal  becomes  much  more  honiogeneoiis  after  aiitiealing  at  ctu'lain  temperatures 
( I  !•  'Itiies  et  al.  I9S  1 1 

Ob.-ervatioiis  of  precipitates  have  been  reported  III  several  articles  (.Markov  et  al,  1981.  for 
examplel  .A  few  TLM  studies  lo  characterize  the  particles  have  been  also  published,  general¬ 
ly  ideiilifying  them  a.s  hexagonal  arsenic  pliiuse  (Giillis  et  al.  1980.  Lodge  et  al.  198.)).  No  de¬ 
tailed  study,  however,  has  lieen  tione  on  precipitation  in  In-doped  crystals  despite  the  impor¬ 
tant  fact  that  In-doping  red  ices  dislocation  density  drastically  without  apparent  change  in 
electronic  properties  (AotiNeida  and  -Iordan.  I98f))  In  the  present  research  ])rogram.  a  bat¬ 
tery  of  TL.M  techni<|ues  has  been  applied  in  an  effort  to  more  completely  characterize  the 
precipitates  and  to  extend  ihe  analysis  to  the  doped  crvsttils  Results  on  pri'cipitates  iti  the 
In-dopeil  materials  are  presented  and  discussed  heri* 

2.  Experimental 

The  crystal  investigated  in  this  work  wits  grown  by  an  I.KC  technique  at  a  low  axial  thermal 
gradient  of  aboi|jj  0  (7  cm.  fully  encapsulated  m  B.,O  j  The  indium  concent  rat  ion  in  the 
melt  was  2.8x10  '  cm'  .  1  he  irystal  wa.s  mainly  disTacat ion-free  exee|)t  an  annylar  region  of 

about  Iflmm  al  the  periphery  where  l(ie  dislocation  density  was  atioiil  .at'fK)  cm”  It  was  also 
semi-insulatiiig  with  resistivity  of  in'SJcm  l■■urlller  details  of  the  growth  comlilions  and 
results  of  macroscopic  i  haracterizalioii  have  been  reported  elsew  here  (Llliol  el  al,  1981). 
Both  chemical  thinning  (chlorine  in  methanol)  and  ion  milling  were  used  lo  prepare  suitable 
TKM  samples  and  no  significant  dilfereiices  were  found  between  samples  made  by  lhes“ 
dilferent  techniques  Prepared  samples  were  first  observed  and  screened  using  a  Philips 
L.MdOl  TL.M  followed  by  more  delaileil  analysis  in  a  .JKOL  200('X  TLM  equipped  with  ul- 
Irahigh  resolution  goniometer  ,A  Philips  LMlOt)  TLM, STEM  was  used  for  most  of  the 
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chemical  analysis  although  a  JEOL  •200CX  AEM  with  ar.  ultra-thin  window  detector  was  also 
employed  for  light  element  Energy  Dispersive  X-ray  Spectrometry  (EDXS)  analysis  (Z>5). 

Due  to  their  low  density  and  relatively  large  size,  the  precipitates  presented  many  experi¬ 
mental  difficulties.  In  particular,  two  conflicting  conditions  had  to  be  satisfied  at  the  same 
time:  the  specimen  had  to  be  thin  enough  to  give  meaningful  results  and  yet  had  to  contain 
the  precipitate  within  the  probed  volume.  Fortunately,  when  the  precipitates  were  coupled  to 
dislocations,  they  were  more  readily  found  in  the  thicker  regions  of  the  sample,  allowing 
"controlled  thinning"  with  the  ion  mill  while  monitoring  the  thickness  periodically  in  the 
TEM.  Figure  1  is  an  example  of  this  procedure,  where  the  decreasing  length  of  the  disloca¬ 
tion  clearly  shows  the  decrease  in  thickness  of  the  sample. 


Fig.l  Series  of  images  of  same  precipitate 
dlustrating  the  sample  preparation  pro- 
( cdure  to  result  in  a  precipitate  in  the  thin 
area  of  sample.  Decrease  in  the  length  of 
.lislocaiioii  lines  reflects  the  reduction  in 
I  ill*  k ness 


3.  Results  of  General  Observation 


.\bout  65  TEM  samples  were  prepaic*!  fr"m  various  parts  of  an  In-doped  GaAs  crystal.  By 
surveying  this  large  number  of  sp,^(  iiueiis.  it  was  estimated  that  the  precipitate  number  den¬ 
sity  is  approximately  1  avio'^  em'*.  which  is  slightly  lower  than  but  comparable  to  the  value 
reported  for  dislocated  iiiidoped  crystals  (Cornier  et  al.  198111)  Most  of  the  precipitates 
were  found  in  the  dislocated  regions  of  the  crystal  and  were  coupled  with  nominally  straight 
dislocations  (see  Fig  1  for  exaiiiplel  Isolated  precipitates,  however,  were  also  found  in  the  re¬ 
latively  dislocation-free  regions  They  were  all  observed  to  have  a  tetrahedral  shape  bounded 
by  {111}  matrix  planes  and  to  vary  in  size  from  a  few  lens  to  over  two  h'lndred  nanometers. 
Their  tetrahedral  shape  can  be  easily  visualized  from  the  fact  that  their  projected  shape  on 
the  {110}  matrix  plane  is  an  isrrsceles  triangle  with  two  inside  angles  of  .5.5°  and  one  of  70° 
(Fig  'ifa)  and  Fig  3(a))  and  that  the  projected  shape  on  the  {111}  matrix  plane  is  an  equila¬ 
teral  triangle  (Fig  •l(a|) 


4.  Characterization  of  Observed  Precipitates 


Figure  2(a)  shows  a  mullibeam  image  of  a  typical  precipitate  found  in  In-doped  GaAs  and 
Figs.  2(b)  and  (c)  are  corresponding  selected  area  diffraction  patterns  (.'■'ADI’)  with  extra 
spots  indicated  and  indexed  Notice  the  two  SADP’s  were  taken  from  slightly  different  crys¬ 
tallographic  orientations  near  a  same  •  110  matrix  pole  This  approach  was  necessary  to 
accentuate  weak  diffraction  spots  a.s.soeiated  with  the  particle  Metisured  interjilanar  spacings 
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and  angles,  summarized  and 
compared  with  the  theoretical 
values  in  Table  1,  clearly  indi¬ 
cate  that  this  is  a  hexagonal 
arsenic  precipitate. 

In  agreement  with  this  conclu¬ 
sion,  results  of  the  chemical 
analysis  by  EDXS  in  TEM, 
Fig.  2(d)  show  excess  As  com¬ 
pared  to  the  matrix  but  no 
major  element  other  than  Ga 
and  As  in  the  precipitate.  It 
should  be  stressed  that  the 
EDXS  spectra  presented  in 
this  work  may  not  represent 
quantitative  values  because  of 
the  likelihood  that  the  precipi¬ 
tates  are  completely  sur¬ 
rounded  by  the  GaAs  matrix. 
It  is  very  interesting  that  a 
simple  orientation  relation¬ 
ship  exists  between  this  parti¬ 
cle  and  matrix  GaAs  and  this 
point  will  be  discussed  in 
more  detail  in  next  section. 


Fig.2  Multibeam  image,  (a), 
and  SADP’s,  (b)  and  (c),  ob¬ 
tained  from  a  hexagonal  As 
precipitate  in  In-doped  Ga.\s. 
F^il  planes  are  (120),  and 
(220)^^As  ('^)  an^DXS 

spectrum  from  the  precipitate 
is  compared  with  one  from 
nearby  matrix. 


Table  1  .Analysis  of  dilfrai  tion  patterns 


Moiusurcd 
S|)a(‘ings{nm ) 

Inchxtcd 

Mras 

AtlRlcs 

Thoor 

Tlieor 

Spgs(nni) 

Planes  in 
Ilex  .As 

Fig.  2(b), S-(e) 

t  O.il 

i.ii” 

0  311 

(101) 

0.27.5 

0  277 

(T02) 

Fig  3(c) 

19 

91'’ 

0  6S 

Fig  1(b) 

0  .5S 

9t" 

0  67 
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Fig.3  Inronnntion  from  an  unidentified  precipitate;  (a)  BF  image  at  220  matrix  two  beam 
condition,  (b)  corresponding  S,\DP  with  extra  spots  arrowed,  (b)  EDXS  spectrum  from  ma¬ 
trix  and  (d)  EDXS  spectrum  from  the  precipitate  (d).  Note  a  very  small  spacing  in  SADP 
which  corresponds  to  1.9  nm  of  interplanar  spacing  in  real  space. 


Fig.4  Microscopy  data  from  another 
unidentified  preci;Jitate;  (a)  high  resolu¬ 
tion  image,  (c)  EDXS  spectra  comparing 
particle  and  matrix  and  (d)  EELS  spec¬ 
trum  from  precipitate.  (b)  shows 
magnified  image  of  boxed  part  in  (n)  mid 
SADP.  Foil  normal  is  <  1 1 1  .  , 


Bulk  growth 
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Figures  3  and  -1  contain  inrorination  obtained  ^r■’lIl  other  particles.  Four  interplanar  spac- 
ings  and  two  included  angles  measured  from  tin-  ililfraction  patterns,  Figs.  3(c)  and  ((b).  are 
summarized  in  Table  1.  Note  that  an  interplanar  spacing  as  large  as  19  nrn  is  detected 
The  two  patterns  also  show  that  a  certain  orientation  relationship  exists  between  the  matrix 
and  precipitates  although  there  is  no  apparent  consistency  between  them.  The  observed  vari¬ 
ation  in  intensities  of  the  dilfracled  spots  furthermore  suggests  an  ordering  in  a  direction 
parallel  to  the  -  ,112  •  matrix  <lirection  This  is  also  apparent  in  the  high  resolution  image, 
Fig  4(b).  I^reeipitate  KDX  spectra.  Figs.  3(b),  3(d)  and  4(c),  show  that  the  precipitates  are 
As-rich  and  do  not  contain  any  other  major  elements  with  Z  '>10,  except  Ga  and  As.  The 
spectrum  in  Fig  3(d|  shows  an  indium  peak,  but  it  is  too  small  in  amplitude  to  be  related  to 
any  kind  of  compound.  Figures  3(b)  and  3(d)  show  the  results  of  an  EDX  analysis  with  an 
ultra-thin  window  detector  and  Fig  4(d)  the  result  of  Electron  Energy  Loss  Spectrometry 
(EELS)  analysis  employed  to  detect  the  existence  of  light  elements  It  is  clear  from  these 
data  that  large  amounts  of  light  elements  are  not  present  in  the  precipitates.  thorough 
search  has  been  performeil  but  no  g'xvl  match  with  all  the  information  given  has  yet  been 
found.  It  is  suggested  that  the  precipitates  are  an  ordered  compound  of  Ga  and  As  which  is 
As-rich.  .\lthough  no  such  compound  has  been  reported  in  the  literature,  the  formation  of  a 
metastable  phase  may  ho  possible  under  the  high  local  pressure  and  high  tem|)erature  growth 
conditions  experienced  by  the  crystal.  Such  a  metastable  phase  may  also  be  stabilized  by  a 
very  small  amount  of  impurities,  possibly  below  the  detectability  limits  of  EDXS  or  EELS 

5.  Discussion 

There  are  very  few  rejtorts  of  (irccipilates  in  ln-do()ed  Ga.-Vs  e.xcept  one  of  .V.s-rich  particles  in 
In-doped  crystals  grown  from  an  .Xs-rich  melt  (Barrett  et  al,  1984).  Since  no  In-bearing 
phase  has  been  found  even  in  this  work,  it  may  be  concluded  that  indium  is  not  involved  in 
formation  of  precipitates  m  Ga.\s  at  the  concentration  level  studied  in  this  work  and  precipi¬ 
tation  hardening  is  not  a  major  mechanism  for  the  observed  reduction  in  dislocation  density 
caused  by  In  doping  However,  it  is  still  very  interesting  that  a  number  of  precipitates,  all  of 
them  related  to  excess  .\s.  have  been  observed  because  this  can  give  clues  to  the  behavior  of 
.4s-related  defects  in  a  growing  crystal,  for  example  to  agglomeration  phenomena  of  the  de¬ 
fects  Most  of  all.  the  existence  of  iiiiKlenlified  complex  (ihtuses  which  vvotild  not  be  formed  at 
the  normal  environment  illustrates  the  complicated  behavior  of  these  defects 


Table  2  I  .attice  llllslllali  h  between 
hexagonal  As  and  matrix 


I’la  lies 

‘'hkl'"'"’ 

Misinali  h(‘V  I 

(003)^^ 

.)  d.a2 

7  7 

<""Ga.Xs 

0  32(> 

(I-"'As 

(1  ISS 

(>  2 

'■--‘’'GaAs 

0  I*K)S 

A  very  simple  orientalioii  relationship  can  be  deduced  from  the  S.\l>l*'s'in  Fig  2  between  the 
•Xs  precipitate  and  matrix,  namely  (IX)I)^^  *'*'*f;iXs  *^"*'*Xs  Vs 

the  position  of  the  003  .Xs  spot  can  be  estimated  to  (le  on  the  line  connecting'i'fie' transmitted 
beam  and  the  111  Ga.Xsspot,  even  though  the  spot  <locs  mU  a|)|)ear  very  bright  under  these 
diffracting  conditions  Table  2  shows  that  differences  in  planar  spacings,  or  latlice  mismatch, 
are  quite  small  in  both  directions  suggesting  that  this  orientation  rel  it  ion- hip  is  energetically 
favorable.  In  fact  the  ,Xs  atoms  m  the  (tKlI)  plain*  of  arsenic  are  in  an  arrangement  similar 
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to  that  of  As  atoms  in  the  (1U)B  plane  of  GaA>  Since  the  same  orientation  relationship  has 
been  observed  by  Sands  el  al(1085)  between  the  matrix  and  hexagonal  As  precipitates  formed 
by  the  thermal  oxidation  of  GaAs.  it  is  believed  that  this  kind  of  orientation  relationship  's 
generally  taken  by  a  hexagonal  As  precipitate  in  OaAs  although  Cullis  et  al  (1980)  reported 
they  observed  no  simple  orientation  relationship  between  an  As  particle  and  its  undoped 
CaAs  matrix. 

It  is  also  interesting  that  the  precipitates  have  a  tetrahedral  shape  while  particles  in  undoped 
GaAs  reported  previously  show  round  or  somewhat  cylindrical  shape  (C’uUis  et  al,  1980.  Cor¬ 
nier  et  al.  I98l.\).  suggesting  that  the  interfacial  energies  and  or  formation  mechanism  is  al¬ 
tered  by  In-doping.  Experiments  to  obtain  more  precise  information  on  the  precipitation 
phenomena  in  Ga.\s  and  to  clarify  uncertainties  remaining  in  this  work  are  in  progress 

6.  Conclusions 

r  8  d 

As  a  result  of  an  extensive  TKM  work,  a  low  density  -about  1  5x10  cm  -  of  precipitates  has 
been  observed  in  In-doped  Ga.As  crystals  None  of  particles  was  found  to  contain  significant 
amount  of  In.  however  all  were  found  to  be  As-rich  One  phase  in  particular  was  identified  as 
hexagonal  .As.  Analysis  of  diffraction  patterns  from  these  precipitates  shows  a  very  simple 
orientation  relationship  between  the  precipitates  and  matrix  rnidenhfied  .X.s-rich  particles, 
with  an  interplanar  spacing  as  larg;«*  as  I  9  nm.  hava-  Ix-en  also  <jbservcd 
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Correlation  between  melt  stoichiometry  and  activation  efficiency  in 
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AT&T  Bell  Laboratories,  Murray  Hill,  New  Jersey  07974,  USA 


Abstract.  The  net  donor  activation  efficiency  of  Si  implanted  in  undoped,  semi- 
insulating,  Liquid  Encapsulated  Czochralski  grown  GaAs  is  found  to  be  a  strong 
function  of  the  melt  stoichiometry.  The  net  activation  efficiency  after  annealing  of 
100  keV  ^’Si  ions  implanted  at  a  dose  of  5  xl0'^  cm"^  ranged  from  26%  in  material 
grown  from  a  melt  containing  4716  atom  %  As  to  91%  for  a  sample  from  a  65  atom 
%  As  melt.  DLTS  on  conducting  samples  from  crystals  grown  in  a  similar  manner 
show  much  higher  concentrations  of  stoichiometry-related  defects  like  EL2  in 
material  from  As-rich  melts,  indicating  that  melt  stoichiometry  dilTerences  are 
reflected  in  the  stoichiometry  of  the  resulting  crystal.  The  results  are  consistent 
with  an  increased  occupation  probability  for  Si  on  a  Ga  site  in  As-rich  material. 

1.  Introduction 

The  need  for  uniform  and  reproducible  activation  of  implanted  Si  in  semi-insulating  GaAs 
is  paramount  if  an  implantation-based  technology  for  high-speed  integrated  circuits  in  this 
material  is  to  succeed.  The  channel  layers  comprising  the  field  effect  transistors  in  these 
circuits  are  formed  by  implanting  Si  at  low  doses  (1-7  x  lO'^  cm“^)  to  give  shallow 
(<1000A),  n-type  (~10'’  cm"^)  regions  in  the  semi-insulating  substrates.  There  are 
generally  quite  significant  variations  in  the  net  donor  activation  efficiency  over  the  wafer  area, 
and  from  wafer-to-wafer  and  ingot-to-ingot.  There  are  some  obvious  reasons  for  these 
variations,  such  as  non-uniform  compensating  acceptor  backgrounds  in  the  material,  which 
may  be  different  from  one  crystal  to  another.  These  variations  can  be  accentuated  during  the 
implant  activation  anneal,  in  which  contamination  from  the  surface  or  encapsulant-induced 
stresses  can  alter  the  doping  profile.  Another  parameter  which  may  be  critical  in  determining 
implant  activation  is  the  stoichiometry  of  the  semi-insulating  substrate.  Several  attempts  to 
examine  this  dependence  have  employed  material  with  a  relatively  small  range  of  As  atom 
fractions  in  the  melt  (As/As  +  Ga  -  0.488  -  0.509)  leading  to  somewhat  inconclusive  results 
(Sato  et  al  1984,  1985).  In  this  experiment,  the  activation  efficiency  of  ^’Si  ions  implanted  at 
a  low  dose  (5  x  lo'^  cm~^,  100  keV)  into  GaAs  grown  from  melts  of  widely  varying 
stoichiometries  (As/As  +  Ga  -  0.475  —  0.650)  was  investigated. 

2.  Expcrimcatal 

The  samples  for  implantation  were  prepared  from  the  seed  end  of  undoped  high  resistivity 
crystals  which  were  grown  by  the  Liquid  Encapsulated  Czochralski  (LEC)  technique.  The 
four  crystals  were  grown  in  the  <  1 1 1  >  g  direction  from  charges  contemning  As  concentrations 
of  47>/6,  50,  5216  and  65  atom  %  respectively.  In  order  to  stabilize  the  As-rich  compositions, 
high  pressures  were  used  in  the  melt  formation  phase  (=>100  atm.)  and  subsequent  pulling 
procedure  (35  atm.).  This  is  obviously  a  crucial  requirement  if  the  melt  stoichiometry 
variations  are  to  be  reflected  in  the  crystal.  Low  growth  rates  were  required  to  minimize  the 
development  of  constitutional  supercooling.  Typically,  the  crystals  weighed  30-80g  with  a 
maximum  diameter  of  20mm. 
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Fig.  I  DLTS  spectra  and  TSCAP  scans 
from  conducting  GaAs  samples  taken  from 
crystals  grown  from  melt  containing  40,  50 
and  55  As  atom  %  respectively.  The 
increasing  EL2  concentration  indicates  that 
the  resultant  crystal  stoichiometry  reflects 
the  increasing  As  concentrations  in  the 
different  melts. 


3.  Results  and  Discussion 

The  electrical  characteristics  of  the  high 
resistivity  samples  were  determined  by  Hall 
measurements,  and  the  dislocation  densities 
were  obtained  by  preferential  etching  and 
counting.  These  are  given  in  Table  1.  The 
As  deficient  charge  gave  rise  to  material  with 
tow  p-type  conductivity;  all  other  crystals 
displayed  n-type  conductivity.  The  major 
acceptor  in  our  material  is  C,  typically 
present  at  the  5  xlO'*  cm”’  level.  Shallow 
donors  such  as  S  and  Si  incorporated  during 
growth  are  also  present  at  the  lO”  cm”’ 
level. 

Three  other  crystals  were  grown  under 
similar  conditions  but  were  intentionally 
doped  with  Si  to  give  n-type  (— lO”  cm”’) 
conducting  GaAs.  The  charges  for  these 
crystals  contained  40,  SO  and  55  atom  %  As 
respectively.  Deep  level  concentrations  in 
this  material  were  examined  on  Au-Schottky 
barrier  contacted  samples  by  standard  deep 
level  transient  spectroscopy  (DLTS)  analysis 
in  a  system  based  on  a  PAR  model  410 
capacitance  meter  and  lock-in  amplifier.  The 
spectrum  from  each  sample  is  shown  in 
Figure  I .  In  the  As-deficient  material  a  level 
at  E,.  -  0.63eV  is  present  at  a  concentration 
of  7  xio'*  cm”’,  determined  from  the 
accompanying  Thermally  Stimulated 
Capacitance  (TSCAP)  scan.  The  difference 
in  such  scans  under  bias-on  and  bias-off 
conditions  gives  a  measure  of  the  ionized  trap 
concentration  in  the  material. 


TABLE  1.  Characteristics  of  high  resistivity  GaAs  crystals  used  for  implantation 


As  atom  % 

cm) 

Mjoo  V”'s"') 

N  ^o  (cm  ’) 

Dislocation 
Density  (cm”’) 

41  Vi 

1.8  X  10’ 

374 

9.4  X  10'® 

3  X  10" 

50 

6.2  X  10’ 

4073 

2.5  X  10’ 

L'  X  10" 

S2Vi 

5.7  X  10’ 

4619 

2.4  X  10’ 

1  X  lO’ 

65 

2.6  X  10‘ 

3914 

6.1  X  10" 

2  X  10" 

Bulk  growth 
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Fig.  2  Net  free  carrier  profiles  in  GaAs 
samples  taken  from  crystals  grown  from 
widely  varying  melt  stoichiometries,  after 
^’Si  implantation  (SxlO'^  cm'^,  100  keV) 
and  activation  (950 'C,  5  sec). 


Fig.  3  Relative  donor  ratio  in  Si  implanted 
GaAs  samples  grown  from  different  Ga  or 
As-rich  melts.  The  cross  hatched  area  is  the 
range  of  relative  donor  concentration  across 
the  diameter  of  a  commercial  wafer.  This 
wafer  has  net  donor  activations  of  46-56%. 
The  range  of  melt  stoichiometry  this 
represents  under  our  growth  conditions  is 
0.485-0.508  atom  %  As. 


The  density  of  the  well-known  stoichiometry 
related  level  EL2  (E^  —  0.80eV),  generally 
assumed  to  be  related  to  Asq,  defects,  is 
<10‘^  cm~^.  By  contrast,  in  the  sample 
taken  from  the  50  As  atom  %  melt  material, 
EL2  is  present  at  a  concentration  of 
~6  X  I  o’’  cm”\  with  another  lower 
concentration  (--1.5  xlO'*  cm“^)  level  at 
E,,  —  0.32eV,  possibly  EL7,  also  evident.  In 
the  55  As  atom  %  sample  EL2  is  even  more 
dominant,  with  a  concentration  of 
—1.4  xlo'‘  cm'^.  This  is  a  good  indication 
that  the  trend  in  stoichiometry  variation  in 
the  melt  is  reflected  by  the  stoichiometry  of 
the  resultant  cystal.  Also  present  in  the 
As-rich  material  is  a  level  at  E,,  -  0.39eV, 
possibly  EL5,  at  a  concentration  of 
~4  X  10'*  cm'*. 

Armed  with  this  knowledge  we  are 
justified  in  looking  for  implant  activation 
variations  in  the  semi-insulating  samples. 
After  mechanical  polishing  with  Br-methanol 
and  etching  for  5  min  in  5:1:1 
H:,S04:H202:H20  at  70‘C,  these  were 
implanted  at  room  temperature  to  a  dose  of 
5  xio'*  cm'*.  Ion  channeling  effects  were 
minimized  by  tilting  the  samples  with  respect 
to  the  beam.  Implant  activation  was 
achieved  at  950 ’C  for  5  sec  in  a  Heatpulse 
410T  furnace,  with  the  sample  of  interest 
placed  face-down  on  another  GaAs  substrate 
to  minimize  As  loss  from  the  surface. 
(Malbon  1976)  This  technique  avoids 
possible  complications  that  can  arise  from 
stress  induced  in  the  near-surface  region  by 
encapsulants  such  as  Si02  (Pearton  ana 
Cummings  1985)  (Nishi  1985)  and  that  lead 
to  enhanced  diffusion  of  the  implant  Si. 

Carrier  concentration  profiles  in  each 
sample  were  obtained  by  10  kHz 
capacitance-voltage  (C-V)  measurements 
using  a  mercury  probe  (1.5mm  diameter  dot 
size)  as  a  Schottky  contact.  The  series 
resistance  was  monitored  simultaneously  with 
the  C-V  data,  anji  showed  the  resultant 
carrier  profiles  to  be  affected  only  on  the  bulk 
side  of  the  profile  below  a  concentration  of 
—5  X  lo'*  cm'*.  This  effect,  together  with 
unavoidable  channeling  during  implantation 
and  Debye  tailing  of  the  electrons  into  the 
semi-insulating  substrate  leads  to  extended, 
low-concentration  tails  on  the  carrier  profiles. 
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Fig.  4  Net  free  carrier  profiles  in  50 
atom  '?  As  samples  co-implanted  with 
Si  +  As,  compared  to  a  Si-only  implanted 
sample.  Beyond  an  optimum  dose 
(~10"  cm'-)  of  As,  the  Si 
activation  begins  to  decrease. 


Fig.  5  Net  free  carrier  profiles  in  50 
atom  %  As  samples  co-implanted  with 
Si  Ga,  compared  to  a  Si-only  sample. 
The  effect  is  oppasite  to  that  of  As 
co-implantation. 


Figure  2  shows  carrier  profiles  measured  in  the  center  of  each  sample  after  implantation 
and  annealing.  Each  curve  is  the  average  of  five  separate  profiles  taken  across  the  diameter  of 
the  sample.  The  variation  of  the  profile  does  not  exceed  the  range  shown  by  the  error  bar. 
There  is  a  clear  and  dramatic  dependence  of  Si  donor  activation  efficiency  on  melt 
stoichiometry,  a  much  more  convincing  demonstration  than  previously  observed  (Sato  op  cit 
1984.  1985),  that  Si  donor  activation  efficiency  increases  as  crystals  become  arsenic  rich.  The 
surface-depletion  corrected  donor  activation  efficiency  ranged  from  26'?  for  the  47'/2  atom 
As  material  to  91*?  for  the  65  atom  As  composition. 

Flail  mobilities  measured  at  77K  in  the  Si  implanted  material  were  used  to  obtain  average 
compensation  ratios  in  the  implanted  region  by  comparison  with  the  calculated  values  of 
Walukiewicz  et.  al.  (1982).  This  was  done  by  integrating  under  the  respective  carrier  profiles 
to  obtain  an  average  carrier  density,  which  together  with  the  77K  mobility  leads  to  a  value  for 
N^/Nq  (acceplor-to-donor  ratio).  Assuming  that  all  of  the  Si  ions  are  substitutional  and  that 
the  charge  in  the  implanted  region  is  due  either  to  Si,;,  (N„)  or  Siy,.  (N,^),  then  we  can 
calculate  the  fraction  of  Si  donors  as  shown  in  Figure  3.  The  trend  with  increasing  As  atom 
fraction  suggests  the  cause  of  the  increased  donor  activation  in  As-rich  material  is  simply  the 
preferential  occupation  by  Si  of  Ga  sites.  This  trend  is  physically  reasi.-iable,  as  in  very  As- 
rich  material.  Ga  site  occupation  will  asympotically  tend  towards  unity. 

Also  shown  in  Figure  3  is  the  range  of  activations  measured  across  the  diameter  of  a 
standard  (2"ih),  commercially  obtained  wafer  after  a  similar  implantation  and  annealing  cycle. 
There  are  two  points  to  note.  First,  the  range  of  activations  measured  for  our  Ga  or  As-rich 
material  is  much  larger  than  the  variation  within  a  particular  melt-stoichiometry  sample,  and 
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secondly  this  latter  variation  makes  it  very  difficult  to  draw  conclusions  based  on  the  use  of 
slightly  Ga  or  As-rich  material.  (Sato  et  al  1984,  I98S).  Several  other  possible  explanations 
for  the  dependence  of  activation  on  crystal  stoichiometry  are  ruled  out.  For  example,  there 
could  be  more  compensating  acceptors  present  as  the  As  concentration  decreases.  However, 
significant  differences  in  the  background  acceptor  concentrations  between  the  various  samples 
would  also  affect  the  shape  of  the  implant  carrier  profiles.  On  the  bulk  side  of  the  implanted 
distribution  the  profile  would  be  much  sharper  for  samples  with  significant  acceptor  densities,  a 
situation  common  to  Cr^compensated  GaAs.  Certainly,  in  our  samples  the  acceptor 
concentrations  are  much  below  the  lO'^  cm~'  level  needed  to  affect  the  implant  activation.  To 
ensure  that  the  implantation  and  annealing  cycle  did  not  cause  the  break-up  of  previously 
neutral  impurity  complexes,  Ar  was  implanted  to  a  similar  dose  and  range  as  for  the  Si,  and 
the  samples  were  subjected  to  an  annealing  treatment.  There  was  no  significant  change  in 
carrier  concentration  or  mobility  in  any  of  the  samples  after  this  procedure.  In  common  with 
the  results  of  Sato  et.  al.  (1984.  1985)  we  did  not  notice  any  correlation  of  peak  implant 
doping  concentration  or  profile  shape  with  dislocation  density  in  the  samples,  so  that  gettering 
of  compensating  acceptor  impurities  to  dislocation  cores  is  not  a  feasible  explanation  for  the 
variation  in  Si  activation  efficiency. 

We  can  also  attempt  to  increase  the  occupation  probability  for  Si  on  Ga  sites  by  co¬ 
implanting  Si  and  As  into  stoichiometric  GaAs  (Krautle  1981)  (Park  et  al  1981).  The  effect 
of  various  As  doses  (180  keV  ions)  on  the  carrier  profiles  from  our  standard  Si  implants 
(5x  lO'’  cm“^  100  ke'-')  is  shown  in  Figure  4.  The  net  donor  activation  efficiency  increased 
from  5“^'?  to  68'^  for  optimum  As  doses.  As  the  arsenic  dose  is  increased  above  3  x  lO'^  cm“^, 
damage  related  compensation  begii.s  to  become  significant  as  shown  by  the  decrease  in  the 
peak  carrier  concentration.  In  this  case  the  As  implant  leads  to  the  formation  of  local  regions 
of  nonstoichiometry  (Christel  and  Gibbons  1981).  No  significant  effect  was  found  in  the  order 
of  the  co-implantation,  or  whether  the  As  implant  was  annealed  prior  to  the  Si  implant. 
Therefore,  although  an  artificial  increase  in  the  occupation  probability  of  Si  on  Ga  sites  by  As 
co-implantation  can  lead  to  enhanced  donor  activation,  it  is  not  as  effective  as  a  standard  Si 
implant  into  As-rich  material.  This  would  be  expected  from  a  consideration  of  the  relative  As 
excess  introduced  by  the  two  methods;  one  cannot  simulate  by  implantation  a  very  As-rich 
sample  because  the  remnant  damage  after  annealing  tends  to  compensate  the  low  dose  Si 
donor  activity.  In  contrast  to  the  enhanced  donor  activation  for  As  co-implantation,  Ga  +  SI 
implantation  into  50  atom  As  samples  leads  to  a  decrease  in  net  electron  concentration  after 
annealing  as  shown  in  Figure  5.  These  results  were  not  duplicated  when  the  donor  species  used 
was  selenium  which  occupies  an  As  sub-lattice  site.  Because  Se  is  not  an  amphoteric  dopant 
Its  lattice  location  for  low  doses  remains  essentially  unaffected. 

The  As  co-implantation  results  can  be  used  to  make  a  simple  estimate  of  the  actual 
stoichiometry  in  the  crystals,  as  opposed  to  the  melt  stoichiometries  we  have  quoted.  An  As 
dose  of  to"  cm~'  at  180  keV.  corresponds  to  an  excess  introduced  into  the  implanted  region  of 
the  order  of  lO'"  cm"’.  This  is  equivalent  to  an  As  atom  fraction  of  ~50.0019f.  The 
activation  in  this  co-implanted  sample  increased  from  59  to  68%,  and  is  approximately  the 
same  as  that  in  the  52'<^  atom  %  As  melt  stoichiometry  material.  Assuming  a  linear 
dependence  of  net  activation  on  crystal  stoichiometry  we  can  also  estimate  the  As  deficiency  in 
the  47'/!  atom  %  As  melt  material  to  be  ~2.5  x  lo'*  cm"’,  and  similarly,  an  As  excess  of 
—  5  X  lO'"  cm"’  for  the  65  atom  %  As  melt  sample.  As  expected  from  the  GaAs  phase 
diagram,  (Hurle  1979)  very  little  of  the  As  excess  in  the  melt  is  carried  over  to  the  crystal. 
While  these  point  defect  concentrations  in  the  crystal  correspond  to  a  very  small  fraction  of  the 
melt  stoichiometry  they  are  sufficiently  large  to  have  an  important  effect  on  the  Si  activation 
efficiency.  This  trend  in  crystal  stoichiometry  with  melt  stoichiometry  is  qualitatively  similar 
to  that  measured  by  Terashima  et.  al.  (1985)  using  a  coulometric  titration  method  on  crystals 
grown  from  melts  of  widely  varying  composition. 
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4.  CoKhisioas 

The  data  reported  here  emphasize  that  local  variations  in  As  concentration  can  have  a 
profound  effect  on  the  activation  of  low  dose  (—  10'^  cm~^)  Si  implants  into  GaAs.  We  also 
note  that  there  may  be  other  contributions  in  determining  the  uniformity  of  the  donor  implant 
activation  such  as  spatial  variations  in  background  acceptor  concentration.  This  effect  has 
been  more  widely  recognized  than  that  produced  by  local  variation  in  stoichiometry.  The 
relative  importance  of  these  two  phenomona  in  the  Anal  activated  profile  will  be  a  function  of 
the  purity  of  the  crystal  and  its  thermal  history.  Indeed,  local  stoichiometry  variations  can  also 
be  induced  by  non-uniform  heating  during  the  implantation  activation  step,  which  can  lead  to 
increased  loss  of  As  from  the  hotter  sections  of  the  wafer.  In  conclusion,  we  demonstrate  a 
strong  dependance  of  implanted  Si  donor  activation  efficiency  in  semi-insu!ating  GaAs  on  the 
stoichiometry  of  the  initial  melt.  To  achieve  reproducible  activation,  not  only  across  the  whole 
substrate,  but  from  wafer-to-wafer,  close  attention  must  be  paid  Lo  the  crystal  stoichiometry. 
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Abstract.  Selective  pair  luminescence  (SPL)  has  been  shown  to  be  a  powerful 
technique  for  investigating  excited  levels  of  shallow  acceptors  in  semi-insulating 
LEC-grown  GaAs.  We  now  illustrate  its  usefulness  as  a  nondestructive 
characterization  tool  for  studying  variations  of  crystal  quality  due  to  differing  growth 
conditions,  postgrowth  treatments,  as  well  as  spatial  variations  within  a  given  boule. 
A  direct  correlation  is  demonstrated  between  the  quality  of  a  sample  as  indicated  by 
SPL  spectra  and  as  determined  by  room  temperature  mobility  measurements. 


1.  Introduction 

Gallium  arsenide  (GaAs)  is.  perhaps,  one  of  the  most  studied  and  most  technologically 
important  members  of  the  fam'ly  of  III-V  compound  semiconductors.  Efforts  are 
continually  being  made  to  improve  the  crystal  quality  and  purity  of  this  material.  An  area 
of  critical  importance  is  that  of  bulk  grown  GaAs.  because  it  is  used  both  as  the  starling 
material  for  a  host  of  devices  and  integrated  circuits  and  as  a  substrate  for  epitaxial 
layers.  Ideally,  for  these  uses,  undoped  GaAs  wafers,  usually  grown  by  the  liquid 
encapsulated  Czochralski  (LEG)  technique,  should  be  of  high  purity  and  of  uniform 
quality.  These  attributes  are  usually  determined  by  transport  measurements  (generally 
resistivity  and  Hall  effect  measurements  to  determine  total  impurity-generated  carrier 
concentrations)  and  low  temperature  photoluminescence  measurements  (which  provide 
information  on  acceptor  identities  and  relative  concentrations).  However,  transport 
measurements  have  their  limitations  in  these  materials.  In  many  cases,  it  is  difficult  to 
make  good  ohmic  contacts  at  the  low  temperatures  required  to  obtain  usable  information 
about  impurity  concentrations  and  charge  carrier  mobilities.  In  addition  uniformity 
studies  necessitate  the  fabrication  of  many  samples  requiring  much  time  and  effort  and 
the  destruction  of  the  wafer.  On  the  other  hand,  optical  studies,  since  they  do  not  require 
contacts  and  are  nondestructive,  are  much  more  attractive.  Also,  it  is  possible  in 
principle,  and  increasingly  in  practice,  to  raster-scan  a  whole  wafer  and  thus  obtain  a 
rapid  determination  of  the  uniformity  of  PL  intensity  over  a  wafer.  This  is  equivalent  to 
uniformity  of  wafer  purity  or  quality  since  PL  intensity  can  be  assumed  proportional  to 
impurity  concentration  (Yokogawa  et  al  1984a,b). 

It  has  recently  been  demonstrated  that  added  sensitivity  and  resolution  for  acceptor 
identification  is  possible  when  a  semi-insulating  GaAs  sample  is  .studied  using  the 
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selective  pair  luminescence  (SPL)  technique.  This  process  has  been  discussed  in  detail  by 
Tews  et  al  1979  and  has  been  studied  in  GaAs  by  Hunter  and  McGill  1982,  Kisker  et  al 
1983  and  Koteles  et  al  1986. 

SPL  is  a  low  temperature  photoluminescence  process  which  takes  place  in  semi- 
insulating  semiconductors  and  which  involves  the  resonant  excitation  of  pairs  of  donor 
and  acceptor  impurity  atoms  separated  by  a  particular  spatial  distance.  This  selective 
excitation  is  possible  since  the  donor-acceptor  pair  transition  energy  (which  depends  on 
the  Coulomb  interaction)  is  a  function  of  the  pair  separation.  A  resonant  incident  photon 
generates  an  electron-hole  pair  with  the  hole  in  an  excited  state.  Then,  since  the  decay  of 
excited  holes  to  their  ground  states  is  much  more  rapid  than  donor- acceptor 
recombination  rates,  the  emitted  photon  is  down-shifted  by  an  energy  amount  equal  to  the 
energy  difference  between  the  excited  and  ground  states  of  the  acceptor  impurity.  These 
differences  are  quite  sensitive  to  the  chemical  nature  of  the  acceptor  and  thus  provide  an 
accurate  and  sensitive  method  for  studying  excited  le'^els  of  acceptors  in  these  materials. 

In  this  paper  we  wilt  show  that  it  is  also  possible  to  utilize  this  technique  as  a 
characterization  tool  for  detecting  small  changes  in  material  properties  due  to  changing 
growth  conditions  and  annealing.  It  has  been  suggested  recently  (Wagner  et  al  1986)  that 
electronic  Raman  scattering  is  useful  for  quantitative  analysis  of  shallow  acceptors  in 
these  materials.  However,  since  this  is  a  nonresonant  technique,  in  order  to  obtain  a 
spectrum  comparable  in  signal-to-noise  to  that  of  a  resonant  SPL  spectrum,  the  input 
power  must  be  increased  b>  more  than  six  orders  of  magnitude. 


2-  Exporimcn.fa] 

The  GaAs  samples  used  in  this  study  were  grown  at  GTE  Laboratories  using  the  liquid 
encapsulated  Czochralski  (LEC)  method  in  a  Malvern  MSR-6-R  high  pressure  crystal 
puller  with  a  PBN  crucible.  Cross-sectional  (100)  wafers  were  cut  from  various  positions 
along  the  length  of  the  one  kilogram  undoped  boules  (which  were  approximately  15  cm 
long  and  5  cm  in  diameter)  and  polished.  For  the  annealing  study  one  half  of  a  boule  was 
subsequently  annealed  for  20  hours  in  an  argon  atmosphere  at  900  oC.  Results  from 
wafers  cut  from  the  end  of  this  boule  were  then  compared  with  results  obtained  from 
nearly  adjacent  wafers  cut  from  the  control  (unannealed)  boule  half. 

Hall  measurements  were  made  in  the  Van  der  Pauw  configuration  using  indium  contacts 
alloyed  into  the  sample  in  a  hydrogen  atmosphere.  Typically,  the  transport  measurements 
indicated  the  semi-insulating  nature  of  these  materials.  Room  temperature  resistivities 
were  in  the  10'  iicm  range  with  mobilities  of  the  order  of  10’  cm2/Vsec  and  net  carrier 
concentrations  of  the  order  of  10^  cm  s  (n-type).  Attempts  to  directly  measure  residual 
acceptor  concentrations  of  zinc  using  neutron  activation  analysis  were  unsuccessful  since 
the  concentrations  were  below  the  detection  limit  of  the  technique  (i.e.,  less  than  SxlOi® 
cm  ’). 


The  optical  studies  were  performed  with  a  double  grating  spectrometer  coupled  with  a 
cooled  GaAs  photomultiplier  tube  and  photon  counting  system.  The  samples  were 
mounted  strain-free  in  an  exchange  gas  LHe  cryostat  and  excited  with  about  100 
mW/cm  2  of  power  from  a  Kr  ion  laser  pumped  tunable  dye  laser.  The  laser  beam  was 
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focused  to  a  spot  size  of  about  100  pm  diameter  and  for  spatial  dependence  studies  the 
spot  was  moved  across  the  sample  in  steps  of  about  3  mm. 


3.  Results  and  Discussion 

Figure  1  presents  the  5K  SPL  spectra  of  nominally  undoped  semi-insulating  LEC-grown 
GaAs  wafers  obtained  from  five  different  sources.  The  energy  of  the  exciting  laser  beam 
(-1.510  eV)  was  chosen  so  as  to  maximize  the  intensity  of  2Si,2  to  IS3/2  transitions  in 
order  to  simplify  the  identification  and  increase  the  sensitivity  of  the  technique  (Koteles 
et  al  1986).  Thus,  for  example,  in  the  top  spectrum  (sample  31 1)  the  strong,  narrow  peaks 
are  identified  as  being  due  to  these  transitions  from  carbon,  zinc  and  silicon/cadmium  (it 
is  not  possible  to  distinguish  between  Si  and  Cd  using  excited  impurity  energy  levels). 
The  weak  peak  at  higher  energy  is  due  to  2Pv2  to  IS3/2  transitions  in  carbon.  Although  the 
total  emission  efficiency  is  approximately  the  same  in  all  these  samples  and  room 

temperamre  transport  measurements 
yielded  similar  electrical  results,  the  ratio 
of  SPL  intensity  (the  narrow  peaks)  to 
PL  intensity  (the  broad  background) 
varies  considerably.  In  some  spectra  (e.g. 
Fig.  1  bottom)  PL  dominates  while  in 
others  (e.g.  Fig.  1  top)  SPL  features 
dominate.  From  other  spectroscopic  data 
in  the  exciton  region  it  appears  that 
better  quality  samples  yield  stronger  SPL 
features.  This  finding  is  in  agreement 
with  studies  of  the  change  of  crystal 
quality  as  a  function  of  distance  from  the 
head  (seed  end)  to  tail  of  a  typical  boule 
discussed  below. 

To  study  the  ability  of  SPL  to  monitor 
changes  in  crystal  quality  js  a  boule  is 
being  grown  from  a  seed,  sample  wafers 
from  the  head  and  tail  ends  of  two  boules 
(numbers  13  and  20)  were  measured  both 
with  room  temperature  Hall  effect  and 
SPL.  The  results  from  both  boules 
exhibited  similar  trends.  Transport 
measurements  indicated  that  wafers  from 
the  tail  end  of  the  boule  were  of  better 
quality  than  those  from  the  head  end 
with  mobilities  as  large  as  5780 
cm-2/Vsec  (as  much  as  a  factor  of  two 
greater  than  the  head  end).  Tail  end 
figure  1  5K  SPL  spectra  of  five  semi-  resistivities  were  somewhat  smaller  but 
n*uUt.ng.  nominally  undoped  LEC-grown  5, the  107  Qcm  range.  The  change  in 
uA*  wmples  from  different  boules  or  tj,e  spL  spectra,  as  shown  in  Figure  2, 
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Figure  2  5K  SPL  spectra  obtained  from  GaAs  wafers  cut  from  near  the  head  (H)  or  tail 

(T)  of  two  different  LEC-GaAs  boules  (numbers  13  and  20)  grown  at  GTE  Laboratories. 

was  much  more  dramatic.  The  spectra  of  the  head  wafer  from  both  boules  (labelled  by 
13H  and  20H  in  Figure  2)  were  dominated  by  PL  with  a  small  SPL  peak  due  to  carbon 
superimposed  on  top.  Only  weak  SPL  structure  due  to  other  impurities  was  observable. 
The  spectra  of  the  tail  wafers  (labelled  13T  and  20T)  were  stronger,  by  about  a  factor  of 
two,  and  possessed  much  more  intense  SPL  peaks.  The  increase  in  the  carbon  peak 
intensity  with  respect  to  the  PL  background  (perhaps  as  much  as  a  factor  of  three)  was 
smaller  than  that  of  the  other  two  acceptor  impurities  (as  much  as  a  factor  of  20  in  the 
case  of  zinc  in  boule  13).  This  can  be  understood  in  terms  of  the  increasing  concentration 
of  zinc  and  silicon/cadmium  atoms  in  the  melt  due  to  the  low  incorporation  rate  of  these 
impurities  into  the  solid  boule.  However,  as  growth  proceeds  the  liquid  melt  reservoir 
becomes  depleted  thereby  increasing  the  impurity  atom  concentration  and  the 
incorporation  of  impurities  into  the  boule.  The  change  in  the  relative  concentrations  of 
carbon  versus  zinc  and  silicon/cadmium  between  the  head  and  tail  of  the  boule  is  a  direct 
consequence  of  differences  in  the  segregation  coefficients  of  these  impurities.  By 
performing  a  careful  study  of  changes  in  the  SPL  spectrum  along  a  boule  from  head  to 
tail  it  should  be  possible  to  derive  unkown  segregarion  coefficients  with  respect  to  a 
known  standard  (e.g.  carbon)  in  dilute  systems. 
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Figure  3  5K  SPL  spectra  of  an  as-grown 
(bottom)  and  annealed  (top)  GaAs  wafer. 
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Figure  4  Intensity  of  Zn:2S3/2  SPL  peak  as  a 
function  of  the  distance  from  the  center  of  a 
wafer  for  an  as-grown  (open  circles)  and 
annealed  (closed  circles)  GaAs  wafer. 


It  is  also  interesting  to  study  changes  in 
the  SPL  spectrum  as  a  result  of  bouie 
annealing.  In  Figure  3,  a  comparison  of 
SPL  spectra  from  wafers  taken  from 
annealed  and  as-grown  (control)  boule- 
halves  (of  boule  5810-32)  is  presented. 
Again,  the  increase  in  PL  emission 
efficiency  (about  3X)  of  the  annealed 
sample  with  respect  to  the  as-grown 
sample  is  taken  to  be  an  indication  of 
improved  crystal  quality.  This  is  in 
agreement  with  transport  measurements 
which  show  an  increase  in  the  average 
mobility  of  the  annealed  boule  over  the 
unannealed  of  a  factor  of  two  (to  about 
5200  cm2/Vs).  The  cause  of  the  changes 
in  the  relative  intensities  of  the  zinc  and 
silicon/cadmium  peaks  compared  with 
that  of  carbon  between  the  two  spectra 
will  be  discussed  later.  Changes  in  the 
wafer  uniformity  due  to  annealing  are 
easily  monitored  using  SPL.  In  Figure  4 
the  intensity  of  the  Zn:2Sj/2  peak 
(normalized  to  the  smallest  value 
measured)  as  a  function  of  distance 
across  a  wafer  is  presented  for  both 
annealed  and  as-grown  wafers.  Over  a 
distance  of  15  mm  (starting  from  the 
center  of  the  wafer  which  is  taken  to  be  0 
mm)  the  intensity  of  the  peak  in  the  as- 
grown  sample  changes  by  as  much  as 
230%  in  a  characteristic  M  (or  half  M  in 
this  case)  pattern.  In  the  annealed  sample 
however,  the  intensity  of  the  peak 
changes  by  less  than  15%,  an  indication 
of  much  better  boule  uniformity.  Again, 
this  is  in  agreement  with  transport  results 
which  show  more  uniform  mobilities 
across  the  annealed  wafer  than  across  the 
unannealed  wafer.  Across  the 
unannealed  wafer,  the  exact  form  of  the 
acceptor  distribution  varies  slightly 
depending  on  the  chemical  nature  of  the 
impurity.  The  cause  of  this  variation  is 
not  clear  but  may  be  related  to  the  effect 
of  differences  in  growth  conditions  along 
the  growth  front  on  acceptor 
incorporation  rates.  However,  in  the 
annealed  wafers,  all  the  different 
acceptors  are  similarly  uniformly 
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distributed  over  the  wafer.  Thus,  in  comparing  SPL  spectra  of  annealed  as  opposed  to 
unannealed  wafers,  significant  modifications  in  the  relative  peak  intensities  of  Zn  and 
Si/Cd  to  C  acceptors  at  certain  places  on  the  wafer  are  observed  as  shown  in  Figure  3. 
Finally,  it  would  be  straightforward  to  couple  this  measurement  with  a  rastering 
technique  such  as  that  demonstrated  by  Yokogawa  et  al  1984a,b  to  obtain  a  complete  two 
dimensional  map  of  acceptor  impurity  distributions  over  a  wafer. 


4.  Summary 

We  have  previously  demonstrated  the  utility  of  selective  pair  luminesence  for  the 
identification  of  acceptor  impurities  in  semi-insulating  GaAs  and  determinations  of  their 
relative  abundances.  We  have  now  shown  that  SPL  can  also  be  utilized  for  monitoring 
changes  in  the  crystal  quality  of  LEC -grown  GaAs  as  a  function  of  growth  parameters 
(e.g.,  by  comparing  SPL  spectra  from  samples  taken  near  the  head  and  tail  ends  of  a 
boule)  and  as  a  function  of  postgrowth  treatment  (e.g.,  the  effect  of  annealing  on  SPL 
spectra). 

Acknowledgements:  We  should  like  to  thank  E.  Hartmann  and  J.  Alexander  for  help 
with  the  growth  and  treatment  of  the  GaAs  boules  and  wafer  preparation. 
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Naval  Research  Laboratory,  Washington,  DC  20375-5000 
1 .  Introduction 


Large  diameter  InP  crystals  grown  by  the  LEC  technique  typically  have  a 
dislocation  density  exceeding  5  X  lO^cm'^^  Jordan,  Von  Nelda,  and 
Caruso  (1984)  have  shown  that  the  dislocation  densities  are  related  to 
strain  arising  from  temperature  gradients  between  the  crystal  and  Its 
surroundings  during  the  growth  process.  The  calculations  of  Jordan  et 
at  (1985)  show  that  only  very  small  temperature  gradients  can  be  tol¬ 
erated  to  grow  undoped  dislocation  free  InP.  As  a  practical  matter 
crystal  growth  proolems  such  as  diameter  control,  solid-liquid  inter¬ 
face  shape  and  twinning  become  more  severe  when  growth  is  attempt¬ 
ed  using  small  tempe‘-->cure  gradients.  One  additional  method  of  lower¬ 
ing  the  dlslocsrion  density  Is  to  harden  the  lattice  via  the  addition 
of  Impurities.  Zinc  and  sulfur  dopants  have  been  shown  by  Sekl, 
Watanabe,  and  Matsul  (1978)  and  germanium  has  been  shown  by  Brown, 
Cockayne,  and  MacEwan  (1981)  to  produce  InP  crystals  with  a  low  dis¬ 
location  density.  These  dopants  do  affect  the  electrical  conductivity 
such  that  seml-insulatlng  InP  cannot  be  obtained  when  the  required 
quantities  of  the  above  dopants  are  added  to  yield  a  low  dislocation 
density.  Jacob  (1982)  has  reported  the  use  of  isoelectronic  impuri¬ 
ties  to  lower  the  dislocation  density  of  GaAs  and  InP.  One  of  the 
attractions  of  Group  III  or  Group  V  dopants  Is  that  the  conductivity 
of  a  crystal  containing  high  concentrations  of  dopant  would  not  be 
substantially  different  from  the  conductivity  of  an  undoped  crystal. 
Thus  seml-insulatlng  low  dislocation  density  crystals  are  attainable 
and  seml-insulatlng  In— doped  GaAs  crystals  have  been  grown  by  many 
laboratories.  Much  less  work  has  been  done  on  InP  doped  with  Iso¬ 
electronic  Impurities.  The  purpose  of  this  paper  Is  to  expand  on 
the  early  work  of  Jacob  (1982)  and  to  do  the  Investigation  using  InP 
melts  of  450g  size  rather  than  the  70-80g  melts  used  by  Jacob. 

2.  Experimental  Procedure 

The  InP  crystals  were  grown  by  the  liquid  encapsulation  Czochralskl 
procedure  using  polycrystalllne  InP  as  the  starting  materi?!.  The  size 
of  the  melts,  the  shape  and  size  of  the  boules  and  the  growth  condi¬ 
tions  were  reproduced  for  the  various  experiments  in  order  to  assess 
which  of  the  Group  III  or  Group  V  impurities  was  most  effective  at 
lowering  the  dislocation  density.  So  as  not  to  alter  the  ratio  of 
Group  III:  Group  V  atoms  within  the  melts,  all  dopants  were  added  In 
the  form  of  IIIP  or  InV  compounds.  The  crystals  were  grown  in  the 
(lll)P  direction  with  a  pull  rate  of  14  ran/hr.  The  puller  was 
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pressurized  Co  38  aCm  with  dry  argon  and  a  60g  pelleC  of  B2O3  wlch  H2O 
content  of  less  Chan  100  ppm  was  used  for  each  experiment.  The  depth 
of  the  B2O3  was  approxlmaLely  12  ram  In  the  50  mm  diameter  pyrolytic  BN 
crucible.  Subsequent  experiments  used  a  B2O3  depth  of  20  mm  In  order 
to  lower  the  thermal  gradient  and  make  additional  Improvements  In  the 
dislocation  density  of  As-doped  InP.  For  the  etching  studies,  (111) 
oriented  wafers  were  cut  from  the  boules  at  the  point  where  approx¬ 
imately  50Z  of  Che  melt  had  been  solidified.  Etch  pits  were  produced 
following  the  procedures  of  Akita  et  al  (1979) 

3.  Arsenic-Doped  InP 

Boules  were  grown  with  InAs  additions  to  the  melt  of  IX,  4X,  6%  and  S% 
by  weight.  Single  crystals  were  readily  grown  with  up  to  6%  by  weight 
additions  of  InAs,  although  there  was  some  evidence  of  constitutional 
super-cooling  during  the  growth  of  the  last  to  freeze  portions  of  the 
63!  crystals.  The  crystal  that  was  doped  with  InAs  at  8X  by  wt.  became 
polycrystalline  before  the  boule  reached  the  full  diameter  and  single 
crystal  growth  could  not  he  achieved  using  Che  14  ram/hr  pull  race.  The 
etch  pic  densities  for  Che  middle  wafers  of  an  Fe-doped  crystal  and 
crystals  doped  with  InAs  at  1%  and  4%  are  shown  In  Figure  1.  It  Is 
apparent  Chat  the  crystal  grown  from  the  4%  InAs-doped  melt  contains  a 
central  core  approximately  8mm  In  diameter  wlch  a  very  low  dislocation 
density.  The  etch  pit  density  outside  the  central  core  Is  similar  to 
that  of  the  Fe-doped  crystal.  Figure  2  shows  a  micrograph  of  Che 
etched  central  core  region.  We  are  at  a  loss  Co  explain  the  abruptness 

with  which  Che  etch  pit  density  plunges  to  zero.  Figure  3  shows  micro¬ 
graphs  of  an  etched  (110)  wafer  cut  from  the  As-doped  boule.  The 

growth  strlatlons  indicate  chat  the  center  part  of  the  boule  experienc¬ 

ed  faceted  growth.  Hulrae  and  Mullen  (1962)  had  shown  that  faceted 
growth  of  Te-doped  InSb  resulted  In  the  segregation  coefficient  being 
up  to  nine  times  larger  for  growth  In  the  faceted  region  compared  to 
growth  off  Che  facets.  SIMS  analyses  were  made  to  test  whether  As 
behaves  similarly  In  faceted  growth  of  InP  and  to  calculate  a  segrega¬ 
tion  coefficient  for  As.  The  SIMS  results  are  shown  In  Table  1.  The 
As  concentration  was  measured  In  the  central  core  region  and  near  the 
edge  for  2  different  wafers.  The  As  concentration  did  not  differ 
significantly  between  the  central  facet  and  Che  edge  of  Che  wafers. 

SIMS  results  are  also  shown  for  a  wafer  from  the  Cop  and  bottom  of  Che 
1%  crystal.  A  segregation  coefficient  of  .4  was  calculated  using  the  As 
concentrations  determined  from  SIMS.  X-ray  diffraction  and  Vegards  law 
were  also  applied  to  As-doped  InP.  The  As  concentrations  determined  by 
the  X-ray  technique  are  shown  In  Table  1  for  Che  6X  crystal.  A  segre¬ 
gation  coefficient  of  .6  was  calculated  using  the  X-ray  determined 
As  concentrations. 

Figure  4  shows  Che  EPD  of  a  wafer  from  a  crystal  doped  wlch  InAs  at  6X 
and  Fe  at  200  ppm  by  weight.  This  crystal  was  grown  using  90g  of  B2O3 
and  an  RF  coll  containing  two  more  turns  than  the  col'  used  for  the 
other  crystals.  The  EPD  Is  4  5  X  10^  cm~2  over  approximately  75%  of 
the  wafer  diameter  and  It  also  has  a  central  core  of  zero  dislocation 
density.  The  crystal  Is  seral-lnsulatlng  with  a  room  temperature 
resistivity  of  4  X  I06  ohm-cm  at  the  top  and  2  X  107  ohm-cm  at  the 
bottom  of  Che  crysal.  The  electrical  properties  of  the  As-doped  crys- 
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cals  are  listed  In  Table  2.  Smaller  temperature  gradients  In  addition 
to  the  As-doping  will  be  required  Co  achieve  a  lower  dislocation 
density. 

4.  Antimony-Doped  InP 

Single  crystal  growth  was  achieved  from  a  melt  doped  with  InSb  at  1.4X 
by  weight.  After  approximately  73%  of  the  melt  had  been  solidified,  the 
boule  abruptly  became  polycrysCalllne.  The  etch  pic  density  for  the 
Sb-doped  boile  Is  shown  In  Figure  5.  This  crystal  has  a  small  central 
core  with  an  etch  pit  density  of  zero  and  Che  etch  pic  density  of  Che 
remaining  part  of  Che  wafer  Is  similar  to  that  for  an  undoped  boule. 

We  have  been  unable  to  achieve  single  crystal  growth  with  larger  con¬ 
centrations  of  InSb  In  the  melt.  SIMS  analysis  Indicate  an  Sb  concen¬ 
tration  of  2  X  lOl®  cra“^  for  the  first  grown  area  and  5  X  10**^  cm“^  for 
the  last  grown  single  crystal  area.  Using  the  SIMS  results  a  segrega- 
coefflclenc  of  .01  Is  calculated  for  Sb  In  InP. 

5 .  Gallium-Doped  TnP 

Tohno  ec  al  (1984)  have  published  EPD  and  K^ff  results  for  Ga-doped  InP 

in  which  thay  concluded  that  In  order  Co  grow  a  low  dislocation  density 

crystal  with  diameter  larger  than  I5mm,  a  Ga  concentration  of  at  least 
lO’O  cm“^  would  be  needed.  They  also  reported  Chat  twinning  Is  a 
problem  when  Ga  concentrations  exceed  5  X  10**^  cm“^.  For  our  work  one 
crystal  was  grown  with  GaP  added  at  .05%  by  weight  which  would  give  5  X 
10*^  Ga  cm"3  at  Che  Cop  of  the  boule.  The  EPD  as  seen  In  Figure  6  Is 
slightly  lowered  at  the  seed  end  of  Che  boule  while  the  EPD  for  wafers 

from  lower  In  the  boule  are  not  significantly  different  from  an  undoped 

boule.  Several  attempts  were  made  to  grow  a  boule  doped  with  both  Ga 
(.05  wt%)  and  As  (4  wc%).  Crystal  growth  was  difficult  but  we  finally 
achieved  a  full  diameter  single  crystal  boule  which  became  polycrys¬ 
talline  after  approximately  30%  of  Che  melt  had  been  solidified.  The 
EPD  was  similar  Co  Chat  for  an  undoped  boule  but  double  crystal  X-ray 
diffraction  rocking  curves  Indicated  that  the  boule  was  composed  of 
many  grains  with  small  angles  of  ml sorlentat Ion , 

6.  Cone  tus Ions 


The  results  show  that  As  Is  the  tsoelectronic  dopant  which  Is  most 
suitable  for  lowering  the  dislocation  density  of  InP.  Both  Ga  and  Sb 
do  lower  Che  EPD  but  the  EPD  Is  lower  still  for  As-doped  material. 
Arsenic  Is  more  effective  because  It  can  be  used  at  higher  concentra¬ 
tions  than  either  Ga  or  Sb.  The  high  concentrations  of  dopants  enable 
the  observation  of  growth  strlatlons  within  the  boules  evidencing 
faceted  growth.  Seral-lnsu!atlng  InP  can  be  achieved  by  adding  Fe  In 
addition  to  the  Isoelectronlc  dopants  otherwise  the  carrier 
concentrations  and  mobilities  are  similar  to  Chose  of  undoped  InP. 
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Table  1  Measured 

Arsenic  Concent 

As( cm“3) 

InAs  (wt%) 

SIMS 

1% 

6  X 

1019  ±.5 

n 

1.8 

X  1020  ±.5 

47. 

2.7 

X  1020  ±.5 

4% 

2.7 

X  1020  ±.5 

lit 

3.9 

X  1020  ±,5 

47. 

3.3 

X  1020t.5 

67 

67 

67 

Ions 

As(ciii~8) 

X-ray  Location 

top 

bottom 
top  center 
top  edge 
middle  center 
middle  edge 
5.7  X  1020  cop 

6.0  X  1020  middle 

7.9  X  1020  bottom 


Table  2  Electrical 

.  Properties 

Dopant 

No”NA(cra”^) 

None 

3.3  X  10l5 

None 

5.2  X  10l5 

InAs  (17) 

3.3  X  10l5 

InAs  (47) 

3.8  X  10l5 

InAs  (87) 

3.6  X  10l5 

InSb  (1.47) 

4.5.  X  10l5 

Gap  (057 

3.4  X  10l5 

Gap, InAs 

3.5  X  10l5 

InAs,Fe 

InP  Crystals 

Uyycm^/Vs  p(ohm-cm) 

36.600 

33.200 
36,400 
33,000 

31.600 

31.200 
34,700 
36,100 


4  X  10^ 
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Fig-  1  Etch  Pit  Densities  for  Doped 
InP  Crystals 
A.  2~87“H  Fe-Doped 
B-  3-1 2-H  1%  by  wt.  InAs 

C.  3-17-H  4%  by  wt.  InAs 


Fig.  2  Micrograph  Showing  Edge  of 
Central  Core  for  As-Doped 
Crystal . 


Fig.  3  Micrographs  of 
Etched  (110) 
Wafer. 
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City,  UT  841 12,  USA 

Abstract:  Isobutylphosphine  (IBP)  and  tertiarybutylphosphine  (TBP)  are 
less  toxic  than  phosphine  and  have  been  used  to  grow  InP.  Excellent 
morphologies  are  achieved  for  IBP  at  high  V/lll  ratios  and  low  growth 
temperatures.  For  TBP,  low  V/lll  ratios  can  be  used.  Carbon  is  the  dominant 
acceptor  and  its  incorporation  is  supressed  at  higher  temperatures  and 
higher  V/lll  ratios.  The  carbon  concentration  is  much  less  with  TBP  than  with 
phosphine  or  IBP.  Best  mobilities  are  2800  and  3100  cm^/V-sec  for  IBP  and 

TBP,  respectively,  with  minimum  electron  densities  in  the  mid  10^®  cm'^ 
range. 

INTRODUCTION 

In  less  than  a  decade,  organometallic  vapor  phase  epitaxy  (OMVPE)  has 
become  a  leading  contender  for  producing  both  ultra-pure  lll/V  semiconductors 
and  superlattices  (Kawai  et  al  1985).  Problems  associated  with  the  purity  of 
group  III  methyl  and  ethyl  organometallic  sources  are  largely  in  the  past.  A 
major  obstacle  to  further  progress  in  OMVPE  and  the  commercialization  of  this 
growth  technique  lies  with  the  group  V  sources.  The  group  V  hydrides,  ASH3 

and  PH3,  have  been  known  for  some  years  to  sporadically  contain  O2  and  H2O 
which  results  in  poor  material  quality,  especially  for  Al  containing  alloys  (Wagner 
et  al  1981  and  Dapkus  et  al  1981).  Even  more  difficult  to  deal  with  is  the  hazard 
of  using  high  pressure  cylinders  of  these  extremely  toxic  materials 
(Cole-Hamilton  et  al  1984).  As  a  result,  costly  equipment  is  needed  to  make 
OMVPE  systems  "absolutely"  safe.  A  third  problem  for  PH3  is  its  slow  pyrolysis 
rate  (Stringfellow  1984a).  This  makes  it  necessary  to  use  high  V/lll  ratios  to 
prevent  morphological  problems  (Stringfellow  1984b).  The  slow  pyrolysis  of 
PH3  compared  with  ASH3  also  gives  compositional  r.on-uniformity  for 

compounds  containing  P  and  As  if  a  temperature  gradient  exists  across  the 
wafer  (Stringfellow  1983). 

A  potential  solution  for  these  problems  is  the  use  of  group  V  organometallic 
sources.  They  are  liquids  contained  in  small  stainless  steel  bubblers  at 
atmospheric  pressure.  This  automatically  decreases  the  toxic  hazard 
tremendously.  Since  they  are  liquids  they  should  be  easily  purified  and  may 
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ultimately  be  as  pure  as  the  group  III  organometallic  sources.  In  principle,  the 
molecules  might  be  engineered  to  pyrolyze  at  lower  temperatures  than  the 
hydrides.  However,  the  problem  to  date  has  been  that  the  organometallic  P 
sources,  triethylphosphine  and  trimethylphosphine,  do  not  pyrolyze  significantly 
at  ordinary  growth  temperatures  (Moss  et  al  1981  and  Renz  et  al  1980). 

We  recently  reported  the  first  use  of  IBP  and  TBP  for  the  gro\wth  of  device  quality 
InP  (Larsen  et  al  1986  and  Chen  et  al  1986a).  The  use  of  these  liquid 
organometallic  phosphorus  sources  reduces  the  toxic  hazard  and  handling 
problems  associated  with  the  group  V  hydrides.  The  material  quality  is  similar  to 
that  obtained  using  PH3.  The  problem  with  slow  pyrolysis  is  improved  using 
TBP.  Both  sources  produce  PH3  which,  for  IBP,  is  the  primary  phosphorus 
source  for  the  growth  process.  Preliminary  results  indicate  that  TBP  produces 
phosphorus  directly,  thus  allowing  the  growth  of  high  quality  InP  layers  at  lower 
V  III  ratios  than  either  PH3  or  IBP. 

EXPERIMENTAL 

The  reactor,  which  has  been  descibed  in  detail  (Kuo  et  al  1985),  was  of  the 
horizontal,  atmospheric  pressure,  cold  wall  type.  The  sources  used  were  TMIn, 
IBP*  and  TBP*  .  For  growth  of  InP  using  TMIn  and  IBP,  typical  flow  rates  were 
300  cc/min  at  17C  for  TMIn  and  500  cc/min  at  1-20C  for  IBP.  For  growth  using 
TMIn  and  TBP,  typical  flow  rates  were  100-260  cc/min  at  7C  for  TBP  and  200 
cc/min  at  1 7C  for  TMIn.  The  carrier  gas  was  Palladium-diffused  hydrogen  with  a 
flow  rate  of  2.5  liter/min.  The  substrates  were  semi-insulating  InP  or  GaAs 
oriented  3  degrees  off  the  (100)  orientation  toward  (110).  The  morphologies, 
photoluminescence  (PL)  spectra,  and  electrical  properties  were  evaluated  on 
epilayers  grown  on  InP  substrates.  The  epilayers  grown  on  GaAs  were  used 
only  to  determine  the  epilayer  thicknesses.  Prior  to  loading  into  the  reactor,  the 
substrates  were  etched  in  A-etch  (H2S04;H20:H202=5:1 :1 )  for  4  minutes  at 
room  temperature. 

A  He-Ne  laser  was  used  in  low  temperature  PL  measurements.  The  excitation 
intensity  was  about  10  W/cm^,  The  conventional  lock-in  technique  was  used 
with  a  Ge  detector  cooled  to  77K.  The  van  der  Pauw  method  was  used  to 
measure  the  mobility  and  carrier  concentration.  The  magnetic  field  intensity  was 
5  kGauss  and  the  current  was  10  pA. 

RESULTS 

InP  layers  grown  using  IBP  at  temperatures  of  580<T  <  630C„  at  the  proper  V/lll 
ratio,  have  a  smooth  mirror-like  appearance.  The  values  of  V/lll  ratio  necessary 
to  obtain  good  surface  morphologies  are  found  to  increase  with  increasing 
temperature,  from  a  value  of  60  at  580C  to  1 10  at  630C. 

For  InP  layers  grown  using  TBP,  smooth  morphologies  could  be  obtained  at 
lower  values  of  V/lll  ratio.  For  example,  at  610C,  good  morphology  InP  could  be 
grown  at  a  V/lll  ratio  of  26.  The  ability  to  grow  good  morphology  layers  using 
TBP  with  lower  values  of  V/lll  ratio  than  for  either  IBP  or  PH3  is  apparently  due 
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to  the  direct  production  of  phosphorus,  as  inferred  from  the  data  of  Larsen  et  al 
(1986)  and  Chen  et  al  (1986a),  Using  PH3,  growth  at  650C  and  a  V/lll  ratio  of 

>30  is  routine  (Hsu  et  al  1986  and  Fry  et  al  1985). 

6K  PL  spectra  for  InP  grown  using  IBP  at  600C  and  values  of  V/lll  ratio  of  90,  1 26 
and  21 7  are  shown  in  Fig.  1 .  Two  peaks  are  observed.  The  shortest  wavelength 
peak  at  approximately  873  nm,  is  attributed  to  bound  exciton  (BX) 

recombination.  The  peak  located  at  approximately  892  nm  is  attributed  to  a 
donor  to  acceptor  pair  transition(DAP),  probably  involving  carbon,  as  deduced 
from  earlier  studies  of  InP  grown  using  ethyidimethylindium  and  phosphine  (Fry 
et  al  1985).  Since  Zn  also  introduces  a  peak  at  a  similar  position  in  InP,  the 
dependence  of  intensity  on  V/lll  ratio  is  necessary  to  make  a  definitive 
identification.  We  see  a  marked  decrease  in  the  ratio  of  the  DAP  to  the  BX 
peaks  with  increasing  V/lll  ratio.  Since  C  resides  on  the  P  sublattice  and  Zn  on 
the  In  sublattice,  this  V/lll  ratio  dependence  indicates  the  acceptor  to  be  C.  The 
full  width  at  half  maximum  of  the  BX  peak  also  becomes  narrower  for  larger  V/lll 
ratios,  changing  from  8.8  meV  for  a  V/lll  ratio  of  90  to  7.8  meV  for  a  V/lll  ratio  of 
217.  In  general,  the  PL  spectra  from  InP  grown  using  IBP  are  very  similar  to 
samples  grown  under  similar  conditions  using  PH3  (Hsu  et  al  1986  and  Fry  et  al 

1985).  As  reported  by  Larsen  et  al  (1986)  and  Chen  et  al  (1986a)  the  carbon 
peak  decreases  rapidly  with  increasing  growth  temperature.  These  results  are 
similar  to  the  decrease  in  the  carbon  peak  observed  in  GalnAs  grown  using 
TMIn,  trimethylgallium  (TMGa),  and  AsH^  (Kuo  et  al  1985),  and  in  InP  grown 

using  ethyidimethylindium  (EDMIn)  and  PH3  (Fry  et  al  1985). 


9K  PL  spectra  for  InP  layers  grown  using  TMIn  and  TBP  are  shown  in  Fig.  2  for 
growth  temperatures  of  550,  600  and  620C  with  a  constant  V/lll  ratio  of  60. 
Similar  to  the  results  for  IBP  (Larsen  et  al  1986  and  Chen  et  al  1986a) 
increasing  growth  temperature  results  in  a  reduction  in  the  ratio  of  the 
intensities  of  the  DAP  to  BX  peaks.  From  the  V/lll  ratio  dependence  of  the  DAP 
peak  seen  in  Fig.  3,  we  conclude  that  the  acceptor  involved  is  again  carbon. 
The  full  width  at  half  maximum  is  about  5  meV  for  these  three  samples.  These 
spectra  are  very  different  than  those  presented  in  Fig,  1 ,  Using  TBP  the  carbon 
concentration  is  markedly  less  than  using  IBP.  This  is  more  clearly  seen  in  Fig. 
4  where  three  spectra  are  ploted  for  samples  grown  at  600C  using  TMIn  and 
PH3  ,  TBP  or  IBP  using  the  V/lll  ratios  indicated  in  the  figure.  Even  though  a  high 

V/lll  ratio  is  used,  the  IBP  grown  InP  contains  appreciable  amount  of  carbon.  But 
for  TBP  grown  InP,  much  less  carbon  is  detected  using  a  V/lll  ratio  similar  to  that 
for  PH3. 


The  room  temperature  free  electron  concentrations  for  InP  samples  grown  using 
TMIn  and  IBP  (  2  different  sources)  or  TBP  are  plotted  versus  input  V/lll  ratio 
during  growth  in  Fig.  5.  The  V/lll  ratio  dependence  of  carrier  concentration  and 
mobility  was  measured  only  for  the  second,  less  pure  bottle  of  IBP  giving  carrier 
concentrations  in  the  10^'  cm’^  range.  The  carrier  concentration  appears  to 


decrease  slightly  at  higher  values  of  V/lll  ratio.  The  mobility  shows  a  definite 
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Fig.  1 .  6  K  photoluminescence  of  layers 
of  InP  grown  using  TMIn  and  IBP  at  three 
values  of  V/lll  ratios;  90,  126,  and  217. 


Wavelenglh  (nm) 


Fig.3  9  K  photoluminescence  spectra 
for  3  InP  epilayers  grown  using 
TMIn  and  TBP  at  600  C  and  values  of 
V/I(l  ratio  of  40,60,  and  90. 


Fig.  2. 9  K  phofoluminescence  spectra 
for  layers  of  InP  grown  using  TMIn 
and  TBP  at  a  V/lll  ratio  of  60  and 
several  \  alues  of  growth  temperature. 


Fig,  4.  9  K  photoluminescence  spectra 
for  3  InP  samples  grown  at  600  C 
using  TMIn  and  IBP,  TBP  or  phosphine. 
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Fig.  5.  Electron 
density  and  mobility 
measured  at  300  K 
versus  input  V/lll 
ratio  during  growth 
for  InP  grown  at 
600  C  and  using: 
(»)IBP  bottle #1, 
(■)  IBP  bottle  #2, 
and(»)TBP. 


50  100  150  200 

V/lll  RATIO 

increase  with  increasing  V/lll  ratio.  However,  the  highest  mobilities  obtained 
using  the  2nd  bottle  of  IBP  are  only  2400  cm^A/s.  The  highest  mobility  values 
measured  to  date  were  2800  cm2/Vs  for  the  first  bottle  of  IBP  and  3100  cm^/Vs 
for  TBP,  both  at  low  values  of  V/lll  ratio.  These  values  are  consistent  with  a  total 
ionized  impurity  concentration  of  approximately  5x1  o'* ®  cm'3  (Walukiewicz  et  al 
1980).  Using  TMIn  and  PH3,  typical  300  K  electron  mobilities  of  3500  cm^/Vs 

are  observed,  although  the  very  best  TMIn  yields  room  temperature  mobilities  in 
excess  of  5000  cm^/Vs  and  carrier  concentrations  of  lO'*^  cm'3  (Hsu  et  al  1986 
and  Chen  et  al  1986b)  in  the  same  reactor  used  for  the  present  study. 

SUMMARY 

In  conclusion,  IBP  and  TBP  have  been  studied  in  terms  of  their  potential  use  as 
sources  for  OMVPE  growth.  The  compounds  have  been  used  effectively  to 
produce  epitaxial  layers  of  InP.  The  layer  purity  is  found  from  both  Hall  effect  and 
low  temperature  photoluminescence  studies  to  improve  drarr<atically  as  the  V/lll 
ratio  is  increased  to  217  and  as  the  growth  temperature  is  increased  from  580  to 
630C  for  IBP.  Higher  values  of  V/lll  ratio  are  also  required  to  obtain  good  surface 
morphologies  at  higher  temperatures.  Using  TBP,  a  dramatic  increase  in  layer 
quality  was  observed  with  increasing  growth  temperature.  Somewhat  lower 
values  of  V/lil  ratio  of  approximately  26  can  be  used  to  yield  excellent 
morphology  layers.  In  addition,  the  carbon  concentrations  for  InP  layers  grown  at 
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a  value  of  V/lll  ratio  of  40  were  lower  than  layers  grown  at  much  higher  values  of 
V/lll  ratios  using  IBP  and  layers  grown  using  PH3  at  a  similar  V/lll  ratio.  For 
growth  temperatures  between  600  and  630C,  the  best  layers  have  optical  and 
electrical  properties  which  are  comparable  to  similar  layers  grown  with 
phosphine  as  the  phosphorus  source,  except  that  lower  values  of  V/lll  ratio  can 
be  used  for  TBP  due  to  its  more  rapid  pyrolysis  rate.  However,  neither  the  IBP 
nor  TBP  purity  is  quite  as  good  as  the  best  PH3.  The  best  values  for  carrier 
concentration  were  in  the  low  10^®  cm'^  region  with  mobilities  of  2800  cm^/Vs 
for  growth  using  IBP  and  3100  cm^/Vs  for  TBP.  Due  to  the  much  lower  safety 
risks  of  IBP  and  TBP,  and  the  potential  for  higher  purity  compared  to  phosphine, 
it  is  expected  that  they  may  fill  a  significant  need  in  the  OMVPE  growth  of 
phosphorus  containing  lll/V  semiconductors. 
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Abstract :  High  purity  epitaxial  GaAs  with  very  high  electron  mobility 
(190,  000  cm2/v.3  at  77  K)  and  low  compensation  (Nj^/Np  <  0.05, 
N]3=1 . 21x1014  cm"3)  has  been  reproducibly  grown  by  low  pressure  organo- 
metallic  vapor  phase  epitaxy. 

1 .  Introduction 

The  utility  of  GaAs  and  related  compounds  for  high-speed  electronic  and 
optoelectronic  device  applications  is  well  known.  These  applications 
require  high  carrier  mobility,  and  therefore  high  purity  and  low 
compensation  material.  However,  high  mobility,  epitaxial  GaAs  layers 
grown  on  (lOO)GaAs  substrates  by  liquid-phase  epitaxy  (Miki  and  Otsubo 
1971),  vapor-phase  epitaxy  (Wolfe  and  Stillman  1975),  or  molecular  beam 
epitaxy  (Larkins  et  al  1986)  are  often  compensated  (N;^/Np  0.15-0.6 
where  N*  and  Nq  are  the  acceptor  and  donor  concentrations,  respectively) . 
Further,  these  layers  are  obtained  only  after  quite  elaborate  baking  of 
the  epitaxial  growth  systems.  Epitaxial  GaAs  layers  grown  by 
organoraetallic  vapor-phase  epitaxy  (OMVPE)  have  thus  far  fared  poorly 
(N»ZNd  “0.4-0. 8),  with  total  impurity  concentrations  being  about  1  x 
10*^  cm'^,  and  often  more  (Nakanisi  et  al  1981,  Dapkus  et  al  1981,  Bhat 
et  al  1982,  Shealy  et  al  1983,  Roth  et  al  1983,  Kuech  and  Potemski  1985) . 
The  only  reported  work  on  low  compensation  (N^/Np  »  0.06)  GaAs  was  on 
(211) A-substrates  grown  by  ASCI3  VPE  (Colter  et  al  1983),  and  this 
precludes  direct  comparison  to  results  obtained  with  the  commonly  used 
(100) -substrates . 

We  have  grown  high  purity  (Np-N;^  “  Np  =  1.21  x  10^4  cm”^)  GaAs  layers  by 
low  pressure  OMVPE  in  a  vertical  reactor.  Previously,  epiUxial  GaAs 
layers  with  77  K  electron  mobilities  of  130,000-140,000  cm^/V.s  were 
grown  in  this  reactor  (Black  et  al  1??5)  .  These  layers  were,  however, 
compensated  (N^/Np  =  0.7,  -  2  x  10*4  ^  dominant  residual 
impurity  was  carbon.  We  have  now  obtained  higher  purity  (Nj^  <  IQl^  cm"^) 
GaAs  layers  by  eliminating  system  leaks  and  reducing  contamination 
sources.  The  present  layers  are  reproducibly  and  routinely  grown  on  2- 
in.  diameter  substrates  without  extensive  baking  or  purging  of  the  OMVPE 
system.  In  this  paper,  we  report  on  the  factors  contributing  to  the 
growth  of  such  high  purity  material. 

2 .  Experimental  Procedure 

The  epitaxial  layers  were  grown  on  undoped  LEC  semi-insulating  GaAs 
substrates.  They  were  ( 100) -oriented  with  2°  off  toward  (110)  and  a 
quoted  dislocation  density  of  5  x  104  cm“^ .  The  polished,  as-purchased 
GaAs  substrate  was  dipped  in  dilute  (10%)  HCl,  blown  dry,  and  loaded  into 
the  vertical,  RF-heated  reactor  via  a  load-lock  arrangement.  The 
substrate  was  then  heat-treated  at  600°C  for  10  minutes  under  arsine  (56 
seem)  and  hydrogen  (5  slm)  flows.  Using  triethylgallium  (TEG),  a  0.5-Mm 
thick  GaAs  buffer  layer  was  then  grown  at  600°C;  growth  was  further 
continued  for  4-5  hours  at  a  desired  temperature,  between  550°C  and 
700°C,  with  a  growth  rate  of  about  40  nm/min.  This  amounted  to  an 
arsine:TEG  mole  ratio  of  17.5  at  the  inlet  of  the  reactor.  (This  is 
referred  to  as  the  V:III  or  As:Ga  ratio  in  this  paper.)  Some  experiments 
were  carried  out  at  different  V:III  ratios,  between  8  and  65,  by  varying 
the  arsine  flow  rate.  All  the  experiments  were  carried  out  at  50  Torr. 

Hall  and  Van  der  Pauw  measurements  were  made  at  300  K  and  77  K  under  room 
light  with  magnetic  flux  densities  of  0.2-0. 5  ,T  and  sample  currents  of 
2.5-100  llA  using  an  automated  measurement  system.  The  layer  thicknesses 
were  measured  by  cleaving  and  staining,  and  corrections  were  made  for 
interface  and  surface  depletions  (Chandra  et  al  1979) .  Carrier 
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concentratlona  were  also  measured 
by  C-V  profiling  to  confirm  the 
Hall  effect  measurements.  Com¬ 
pensation  was  estimated  using  the 
empirical  curve  of  Wolfe  et  al 
(1970) .  Photoluminescence  (PL) 
and  magnetophotoluminescence  (MPL) 
measurements  were  made  at  4.2  K 
(Zemon  et  al  1986) . 

3.  Results  and  Di.ncu.n.nion 

In  the  initial  stages  of  this 
study,  it  was  found  that  using 
molecular  sieve  filters  at  the 
outlet  of  the  arsine  tank  and  at 
the  inlet  of  the  vacuum  pump  was 
essential  to  in^rove  the  purity  of 
the  GaAs  layers.  The  former 
filter  caused  a  reduction  mainly  in 
the  donor  concentration  while  the 
latter  reduced  the  acceptor 
concentration.  PL  measurements 
indicated  this  acceptor  to  be 
carbon.  All  the  work  rep>rted  in 
this  paper  was  carried  out  by 
Incorporating  these  filters.  The 
epitaxial  layers  thus  grown  were 
smooth,  featureless,  and  uniform  in 
thickness  within  ±  10%.  They  were 
n-type  with  net  carrier 
concentrations  ranging^! rom.about  2 
X  1013  cm"3  to  4  X  10i<  cm*3.  Hall 
data  on  layers  grown  between  550<^C 
and  700OC  with  V:III  ratio  of  17.5 
are  shown  in  Table  I.  A  reduction 
in  77  K  mobility  and  an  increase  in 
the  impurity  concentrations  are 
seen  for  layers  grown  below  600°C 
and  above  650°C.  Figure  1  shows 

the  residual  donor  and  acceptor  concentrations  as  a  function  of  growth 
temperature  over  the  range  of  550°C  to  700°C.  The  open  circles  and 
closed  triangles  represent  Nn  and  N»,  respectively.  Np  increases  with  an 
activation  energy  (Eq)  of  about  2.8  eV  for  growths  above  650°C.  This 
value  of  Ep  is  close  to  the  dissociation  energy  of  silane  or  organosilane 
species  (Weast  1984);  thus,  the  donor  species  could  be  Si.  N;^  increases 
with  an  activation  energy  (Ej^)  of  about  6  eV.  This  is  unusually  high, 
and  hence  is  unlikely  to  be  due  to  a  simple  surface  activated  process. 
We  note  that  in  the  vertical  RF-heated  reactor,  even  at  50  Torr, 
convection  flows  of  vapors  increasingly  take  place  above  650°C.  Thus, 
the  rapid  increase  in  could  be  due  to  the  recycling  of  reaction 
products  onto  the  growth  surface  or  due  to  the  formation  of  defect 
complexes  at  the  higher  growth  temperatures. 

For  layers  grown  below  €00°C,  both  Np  and  increase  as  the  growth 
ten^rature  is  decreased,  with  Ep  of  about  1.8  eV  and  E;^  of  about  3.2  eV. 


lOOWT  (K  ■  ’) 


Fig.  1  Variation  of  residual 
impurity  concentrations  as  a 
function  of  growth  temperature 
for  V:III  ratio  of  17.5 


This  temperature  dependence  is 
1977)  and  Zn  (Bass  and  Oliver 
1977,  Glew  1984)  doping  in 
OMVPE  GaAs.  Additionally,  Em  of 
3.2  eV  is  close  to  the  C-H  bond 
strength  (Weast  1984) .  Thus 
the  residual  impurities  in 
these  layers  could  be  S,  Zn, 
and  C.  The  layer  grown  at 
S50°C  is  nearly  compensated, 
though  its  77K  mobility  is 
unusually  high  for  such  low 
growth.  This  is  probably  due 
to  the  still  con^aratively  low 
Impurity  concentration  (<10^^ 
cm  3)  and  the  associated  long 
relaxation  time  for  the  ionized 
impurity  scattering  process. 


similar  to  that  of  S  (Bass  and  Oliver 

Table  I  Hall  data  on  10-  to  12-pm 
thick  OMVPE  GaAs  layers  (V/III  -  17. 


Growth 
temp  (°C) 

Nd 

(10^^  cm' 

■^) -Nft/Np 

^77* 

(cm'^/v.s) 

550 

4.60 

0.95 

98,000 

575 

1.78 

0.46 

149,000 

600 

2.20 

0.36 

153,  000 

625 

2.12 

0.06 

166,  000 

650 

1.21 

<.05 

190, 000 

675 

4.75 

0.26 

111,400 

700 

7.50 

0.4 

86,  000 

*  usoo  - 

6800-8500 

cm^/V.s 
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X  lO-* 
cm  . 


EXCITON  PL 


The  layers  grown  between  600^C  and  650^C  exhibit  high  77  K  electron  mobil¬ 
ity  and  very  low  residual  acceptor  concentration.  is  typically  1-2  x 

10^^  cm“^  while  is  an  order  of  magnitude  or  more  lower  in  these  lay¬ 
ers.  The  highest  mobility  layer  (grown  at  €50^0  had  a  1177  of  190,000 
cm^/V.s,  the  highest 
reported  for  OMVPE 
GaAs  at  this  temper¬ 
ature.  The  estimated 
value  of  Na  is  not 
more  than  3  inl2 
cm“^,  while  . 

1.21  X  10^^ 

The  uniformity  over 
the  2-in.  diameter 
wafer  is  excellent, 
with  H77  varying  by 
about  12%.  Such  low 
condensation  layers 
have  been  repro- 
ducibly  grown  over  6 
times  in  the  present 
work . 


2  I 


o 

z 

a. 


Figure  2  shows  the 
4.2  K  PL  spectra  of 
the  GaAs  layers  grown 
at  550®C,  600^0,  and 
650®C  with  a  V:III 
ratio  of  17.5.  It  is 
seen  that  the  PL  am¬ 
plitude  in  the  ac¬ 
ceptor  region  is  very 
much  less  than  that 
in  the  exciton  re¬ 
gion.  This  is  indic¬ 
ative  of  low  shallow 
acceptor  concentra¬ 
tion  in  these  layers. 

Figure  3  shows  on  an 
expanded  scale  the 
exciton  region  for  a 
sample  grown  at  €25^C 
with  V:III  ratio  of 
17.5.  We  note  that 
the  acceptor  bound 
exciton  line  (A®,  X) 
is  over  two  orders  of 
magnitude  smaller 
than  the  donor  bound 
exciton  line  (D®,  X) , 
indicating  very  low 

compensation  consistent  with  the  Hall  data.  Additionally,  the  PL  line 
widths  are  sharp  [0.15  meV  full-width-half-maximum  for  the  (D®,  X>  line], 
and  the  excited  states  (D®,  X)*]  of  the  (D®,  X)  line  are  well  delineated, 
characteristic  of  material  with  impurity  concentration  in  the  low  10^^ 
cm"^  range  (Skromme  et  al  1985) .  These  results  are  similar  to  those 
reported  for  low  compensation,  high  purity  hydride  (Abrokwah  et  al  1983) 
and  chloride  (Colter  et  al  1983,  Dorrity  et  al  1985)  VPE  GaAs. 


8f$ 


825 

WAVELENGTH  (nm) 


830 


Fig.  2  4.2-K  PL  spectra  for  high  purity  OMVPE 

GaAs  grown  at  550®C,  600®C,  and  eSO^C  (V/III  = 
17.5).  The  excitation  intensity  was  0.5  mW/cm^. 
For  clarity,  the  x-axis  for  the  exciton  spectra 
is  shifted. 


Figure  4  shows  the  PL  and  MPL  data  for  our  high  purity  sample  of  Fig.  3. 
The  three  sharp  acceptor  MPL  (2.5  T)  lines  are  denoted  (Zemon  et  al  1986) 
as  free-to-bound  acceptor  lines  (e,  A°c^ »  ^°Mg/Be' »  ^‘^Zn^ » 

while  the  remaining  three  broad  lines  (Ashen  ^  al  1975)  are  the 
companion  donor-to-acceptor  lines  (D®,  ^'^Mg/Be^ » 

A®2n^  .  The  TO  and  LO  phonon  replicas  of  the  free  exciton  emission  (X7.0 
and  phonon  replica  of  the  (D°,  X')  line  are  also 

identified  (Skromme  et  al  1983) .  Another  demonstration  of  the  reductions 
in  the  acceptor  PL  intensity  in  the  low  compensation  GaAs  can  be  seen 
from  comparing  the  PL  amplitude  of  the  acceptor  lines  to  that  of 
transition.  The  latter  is  a  higher  order  intrinsic  process.  Thus,  it  is 
expected  to  be  weak  and  independent  of  the  degree  of  compensation.  From 
Fig.  4,  the  ratio  is  on  the  order  of  10:1,  while  for  typical  high  purity 
compensated  material,  the  ratio  is  much  larger,  on  the  order  of  400:1 
(Zemon  and  Lambert  1986) .  Preliminary  MPL  results  for  donor  identifi¬ 
cation  via  the  "two  electron"  replica  of  the  donor  bound  exciton  (Dean 


84 


Gallium  Arsenide  and  Related  Compounds  1986 


et  al  1984f  Reynolds 
et  al  1984)  indicate 
that  the  residual 
donors  are  mainly  Si 
and  Ge  with  sulphur 
often  present  in 
lesser  amounts. 

Acceptor  region  MPL 
spectra  of  GaAs  lay¬ 
ers  grown  at  temper¬ 
atures  >  675®C  did 
not  reveal  any  sharp 
(e,  A®)  structure, 
suggesting  that  the 
concentration  of  shal¬ 
low  acceptors  is  fur¬ 
ther  decreased.  The 
high  concentration  of 
residual  acceptors  as 
determined  from  the 
Hall  data  (Table  I) 
therefore  signifies 
the  presence  of  com¬ 
pensating  defect  com¬ 
plexes  in  these  lay¬ 
ers.  The  MPL  spectra 
of  layers  grown  at 
temperatures  S  600®C 
revealed  2n  and  C  as 
the  main  acceptors 
present.  An  activa¬ 
tion  energy  of  3.2 
eV  derived  from  Fig, 
1  also  suggests  that 
this  is  the  case. 


Fig.  3  A  high  resolution  (0.01  nm)  PL  spectrum 
of  a  sample  grown  at  625®C  with  V:III  ratio  of 
17.5 


Table  II  shows  the 
Hall  effect  data  of 
GaAs  layers  grown  at 
575®C  for  different 
V:III  ratios.  All 
the  layers  have  low 
total  impurity  concen¬ 
tration  (<  5  X  10^^ 

cm"^) ,  and  hence  high 
77  K  electron  mobil¬ 
ity.  They  are,  how¬ 
ever,  compensated. 
Here,  both  Np  and 
slightly  increase 


Table  II  Hall  data  for  GaAs  layers  grown  at  575®C 


V:II1 

ratio 

Nd 

3) 

»*77* 
(cin^/v.  s) 

17.5 

1.76 

0.46 

149,000 

45.0 

1.00 

0.40 

160,000 

65.0 

2.96 

0.53 

133, 000 

*ti300 

=  6800-7700 

cm^/V . 3 

with  increasing  V:III  ratio.  PL  spectra  indicate  that  Zn  and  C  are  the 
main  acceptors  in  these  layers,  the  latter  being  reduced  at  the  higher 
V:III  ratio.  Compensation  in  the  present  GaAs  layers  grown  at  the  low 
temperature  (<  600^0  appears  to  be  due  to  shallow  r^cceptors  other  than 
defect  complexes. 


Table  III  shows  the  Hall  effect  data  of  the  layers  grown  at  650®C  for 
different  V:III  ratios.  Layers  grown  at  low  VilJl  ratios  (<  40)  have  low 
total  impurity  concentration  (<  3  x  10^^  cm”^)  and  low  compensation. 
Both  and  initially  decrease  (around  V/III  »=  17.5)  and  then 
increase  with  increasing  V:III  ratio.  PL  spectra  indicate  Zn  as  the  main 
residual  acceptor  in  layers  grown  at  low  V;I1I  ratio.  However,  no 
shallow  acceptor  could  be  identified  by  PL  in  layers  g«own  at  high  V:III 
ratios  (S  50),  although  electrical  measurements  indicate  an  increasing 
amount  of  acceptors.  This  could  be  due  to  defect  complexes  formed  under 
high  V:1II  ratio  growth  conditions.  The  dominant  residual  donors  in 
these  layers  appear  to  be  Ge  and  Si.  These  assignments  satisfactorily 
agree  with  the  impurity  activation  energies  derived  from  Fig.  1. 


\ 
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4.  Summary 

High  purity,  low  com¬ 
pensation  GaAs  lay¬ 
ers  have  been  grown 
reproducibly  on  2- 
in.  diameter  sub¬ 
strates  by  low  pres¬ 
sure  OMVPE,  The 
highest  purity  sam¬ 
ple  had  total  im¬ 
purity  concentration 
of  1.24  X  10^^  cm"^ 
and  compensation  of 
less  than  0.05.  The 
77  K  electron  mo¬ 
bility  was  190,000 
cm^/v.s.  Zn,  C,  S, 
and  Ge  are  the  main 
impurities  for  lay¬ 
ers  grown  below 
600®C;  amounts  of  C 
and  S  decrease  for 
growths  at  higher 
temperatures.  Com¬ 
pensation  in  layers 
grown  at  lower  (S 
600®C)  temperatures 
appears  to  be  due  to 
shallow  acceptors, 
while  in  layers 
grown  at  higher 
(>650^0  tempera¬ 
tures,  it  appears  to 
be  due  to  defect  com¬ 
plexes  .  Nonethe¬ 
less,  almost  all  the 
layers  have  ^ow  (<  5 
X  10^^  cm"3)  total 
ionized  impurities, 
and  the  PL  spectra 
show  features  typi¬ 
cal  of  such  high 
purity  GaAs. 
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Fig.  4  4.2-K  PL  of  the  acceptor  region  in  zero 

magnetic  field  and  at  2.6  T  for  the  sample  of 
Fig.  3.  The  MPL  spectrum  was  taken  with  the  sam¬ 
ple  in  the  Faraday  conf igurat ion  for  left  circu¬ 
larly  polarized  luminescence.  Lines  are  drawn  be¬ 
tween  the  zero  field  and  2.6-T  spectra  connecting 
equivalent  luminescence  transitions. 


Table  III  Hall  data  for  GaAs  layers 
grown  at  650*^0 


V:  III 

rat  io 

Nd 

(10l^cm~3) 

^77* 

(cm'^/V  .3) 

8.0 

2.70 

0.11 

150,500 

17.5 

1.21 

o 

V 

190, 000 

40.0 

2.27 

0.03 

130, 000 

50.0 

3.10 

0.35 

124,000 

*M300 

=  7800-8500 

cm^/V . 3 

' 
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Kunihiko  Uwai,  Hiroshi  Nakagone  and  Kenichiro  Takahei 

NTT  Electrical  Corauni cat  ions  Laboratories 
3-9-11,  Midori-cho,  Musashino-shi ,  Tokyo  180,  Japan 

Abstract  Vb  is  doped  into  InP  epitaxial  layers  by  aetalorganic  chemi¬ 
cal  vapor  deposition  for  the  first  time.  The  Yb-doped  InP  shows  n-type 
conductivity.  Sharp  photoluaunescence  lines  due  to  Yb  intra  4f  shell 
transitions  are  observed  at  4.2K,  showing  a  marked  increase  in 
linewidths  with  increasing  temperatures.  Above  80K,  the  Yb  emission  in¬ 
tensity  is  found  to  decrease  more  rapidly  with  increasing  temperatures 
than  the  near  band-edge  emission  intensity. 

1.  Introduction 

Rare-earth  ions  are  known  to  exhibit  sharp  emission  lines  due  to  intra  4f 
shell  transitions  and  have  been  used  for  laser  materials  such  as  Nd  in  yt¬ 
trium  aluminum  garnet  (YAG)  (Kaminski i  1981).  Though  the  hosts  of  rare- 
earth-doped  laser  materials  have  been  limited  to  insulators,  semiconductor 
hosts  have  an  advantage  because  of  the  possibility  of  fabricating  light 
emitting  devices  using  minority  carrier  injection.  Rare-earth  ions  in  D- 
VI  semiconductors  have  been  extensively  studied  for  applications  as 
electroluminescent  devices  (Anderson  et  al  1965,  Anderson  1966).  However, 
n-V  semiconductors  are  potentially  superior  to  II -VI  semiconductors  as 
host  materials  for  rare-earth  doping  because  most  rare-earth  elements  take 
a  tri valent  state,  or  an  isovalent  state  at  cation  sites  when  doped  into  ID 
-V  materials.  Moreover,  advanced  technology  of  ID-V  semiconductor  crys¬ 
tal  growth  and  processing  allows  suitable  material  tailoring  for  fabricat¬ 
ing  rare-earth  doped  optical  devices. 

However,  in  spite  of  the  obvious  advantages  mentioned  above,  rare-earth  ion 
doping  into  III-V  semiconductors  was  not  realized  until  the  late  1970s  and 
early  1980s  when  two  groups  began  studying  the  optical  properties  of 
several  rare-earth  ions  in  binary  lII-V  semiconductors  (Kasatkin  et  al 
1978,  Ennen  et  al  1983).  These  two  groups  successfully  synthesized  rare- 
earth  doped  m-V  semiconductors  and  observed  characteristic  sharp  lines 
arising  from  4f  electrons  of  rare-earth  ions  at  low  temperatures.  However, 
the  possibi I i ty  of  growing  high-qual ity  epitaxial  layers  doped  with  rare- 
earth  elements  has  not  been  extensively  explored  except  in  a  few  pioneering 
experiments  (Haydl  et  al  1985). 

Epitaxial  growth  of  high-quality  rare-earth  doped  ID-V  semiconductors  is 
essential  for  the  fabrication  of  thin  film  optical  devices.  Furthermore, 
the  use  of  epitaxial  layers  for  definite  material  characterization  is  ad¬ 
vantageous  because  the  quality  of  epitaxial  layers  is  usually  superior  to 
that  of  bulk  crystals.  Since  a  lower  background  doping  level  can  be 
achieved  by  epitaxial  growth  owing  to  lower  growth  temperatures  (usually 
©  1987  lOP  Publishing  Ltd 
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lower  than  SOOT),  the  possible  association  of  rare-earth  ions  with  unin¬ 
tentionally  doped  elements  can  be  avoided.  Thus,  optical  spectra  froa 
epitaxial  layers  are  acre  likely  to  be  caused  by  isolated  rare-earth 
eleaents.  This  greatly  siaplifies  the  identification  of  the  origin  of 
these  spectra. 

Liquid  phase  epitaxy  (LPE)  is  usually  the  siaplest  aethod  for  growing  high- 
quality  layers.  However,  low  solubility  of  rare-earth  atoas  into  a  aolten 
coluan  DIB  aetal  and  saall  distribution  coefficients  of  rare-earth 
aaterials  prevent  us  froa  growing  highly  doped  epitaxial  layers  by  LPE. 
Moreover,  the  higher  growth  teaperatures  needed  to  overcoae  these  obstacles 
probably  cause  increased  contaaination  froa  the  apparatus. 

Growth  processes  controlled  by  aass  transport  such  as  aetalorganic  cheaical 
vapor  deposition  (MOCVD)  and  aolecular  beaa  epitaxy  are  suitable  for  doping 
eleaents  with  saall  distribution  coefficients.  We  have  successfully  grown 
rare-earth  (Yb)  doped  InP  by  MOCVD  using  cyclopentadienyl  coapounds  of 
ytterbiua.  MOCVD  has  soae  advantages  over  other  growth  aethods.  Using 
aetalorganics  of  rare-earth  eleaents.  we  can  avoid  exposing  these  highly 
active  aetal lie  eleaents  to  oxygen  and  hydrogen  when  growing  epitaxial 
layers.  Furtheraore.  a  variety  of  purifying  aethods  can  be  used  at  stages 
of  synthesizing  aetalorganics.  This  paper  describes  the  growth  procedure 
and  the  electrical  as  well  as  optical  characteristics  of  Yb-doped  InP. 

2.  Experiaental 

Yb-doped  InP  epitaxial  layers  were  grown  on  Fe-doped  seal • insulating  InP 
substrates  by  low-pressure  (O.laia)  MOCVD  using  triethyl indiua  (InCCaHs)^), 
phosphine  (PH3)  and  tris-cyclopentadienyl  ytterbiua  (Yb(CcH5)3).  The  un¬ 
doped  layers  were  of  the  n-type  with  electron  concentrations  of  10*^*- 
10'*ca'^  at  rooa  teaperature.  Growth  conditions  for  undoped  layers  have 
been  described  elsewhere  in  detail  (Uwai  et  al  1985). 

Yb  was  doped  by  subliaating  and  transporting  Yb(C5H5)3  with  83  flow. 
Doping  concentrations  were  varied  by  varying  container  teaperatures  of 
Vb(C5H5)3.  Typical  growth  teaperatures  were  in  the  range  froa  550  to  650'C. 

Yb  concentrations  in  grown  layers  were  deterained  by  secondary  ion  aass 
spectroscopy  (SIMS)  calibrated  by  inductively  coupled  plasaa  (ICP)  atoaic 
eaission  spectroscopy.  The  calibration  aethod  is  described  elsewhere  (Uwai 
et  al  1986).  Electrical  characteristics  were  exaained  by  the  van  der  Pauw 
aethod  using  rectangularly  shaped  saaples. 

PL  was  excited  with  a  He-Ne  laser  operating  at  632. 8na  and  analyzed  with  a 
1.25-a  aonochroa-itiT  coupled  with  a  cooled  Ge  p-i-n  detector.  Detailed 
structures  due  to  intra  4f  shell  transitions  in  Yb  were  aeasured  at  4.2K 
with  a  wavelength  resolution  of  O.lna.  Teaperature  dependence  of  PL 
spectra  was  also  investigated  between  4.2K  and  200K.  No  corrections  for 
aonochroaeter  and  detector  response  have  been  aade. 

3.  Results 

Surface  aorphology  of  grown  layers  was  inspected  using  a  differential  in¬ 
terference  aicroscope.  The  layers  with  rare-earth  concentrations  below 
iO'^ca'^  show  specular  featureless  surfaces.  With  increasing  Yb  concentra¬ 
tions  up  to  5X10'”ca'‘’,  epitaxial  layer  surfaces  show  a  wavy  structure. 
Further  increases  in  Yb  concentrations  to  lX10‘”ca''*  results  in  a  rough 
surface.  Although  growth  conditions  are  not  yet  optiRized,  these  results 
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suggest  that  the  epitaxial  growth  process  is  seriously  affected  by  Yb  in¬ 
corporation  during  growth.  However,  it  is  noteworthy  that  the  shape  of  a 
PL  spectruR  due  to  intra  4f  shell  transitions  aeasured  at  4.2K  is  not  af¬ 
fected  by  Yb  incorporation  in  this  concentration  range  in  spite  of  the  sig¬ 
nificant  change  of  the  surface  aorphology  and  the  PL  intensity. 

The  effect  of  rare-earth  doping  on  electrical  characteristics  of  the  grown 
layers  was  investigated  by  varying  doping  concentrations.  All  of  the  Yb- 
doped  layers  show  n-type  conductivity,  irrespective  of  Yb  concentrations. 
Table  I  suHari2es  carrier  concentrations  and  Hall  aobilities  of  two 
layers  with  different  Yb  concentrations.  The  aeasureaents  were  aade  at 
300K  and  77K  by  the  van  der  Pauw  aethod.  Ratios  of  carrier  concentrations 
at  77K  to  those  at  300K  n(77K)/n<300K),  which  indicate  the  degree  of  car¬ 
rier  free2e-out,  are  also  shown.  Yb  concentrations  deterained  by  SinS  are 
shown  in  the  right-hand  coluan  of  the  table. 


Table  I  .  Electrical  characteristics  of  Yb-doped  layers 


Saaple 

Carrier 

n(77K) 

Hall 

Yb 

Concentrs 

ktions 

n(300K) 

Nobilities 

Concentrations* 

dO'^a'* 

0 

(lOW/Vs) 

(ca‘3) 

300K 

77k 

300K  77k 

NOJ 

2.1 

1.5 

0.7 

3.7  13.0 

4X10*4 

NOL 

4.0 

1.7 

0.4 

3.4  7.6 

5X10*6 

*deterained  by  SINS. 


Saaple  NOJ,  which  is  lightly  doped  with  Yb,  shows  carrier  concentrations 
and  aobilities  siailar  to  those  of  undoped  layers  without  serious  carrier 
free2e-out  at  77K  (n<77K)/n<300K)~0.7).  In  contrast,  saaple  NOL,  which 
shows  only  a  slight  increase  in  the  carrier  concentration  at  300K  froa  the 
value  of  NOJ,  shows  a  significant  carrier  free2e-out  (n(77K)/n(300K)~0.4). 

PL  characteristics  are  investigated  for  saaple  NOL  at  teaperatures  between 
4.2K  and  200K.  At  4.2K  the  saaple  exhibits  sharp  eaission  lines  charac¬ 
teristic  of  Yb  intra-4f-shel I  transitions  near  1.23eV  (Ennen  et  al  1983) 
with  weaker  near  band-edge  eaissions  which  consist  of  free  exciton  (or 
band-to-band)  recoabination  and  band-to-acceptor  recoabination,  as  shown  in 
Fig.l.  Figure  2  shows  an  enlargeaent  of  Yb  lines.  As  can  be  seen  froa  the 
figure,  a  few  distinct  2ero-phonon  lines  (ZPL’s)  are  observed  with  acoustic 
phonon  sidebands.  One-  and  two-phonon  replicas  appear  at  lower  energies  as 
shown  in  Fig. 3.  Lines  are  nuabered  using  the  notation  given  by  Ennen  et  al 
(1983).  (Lines  18  and  19  have  not  been  resolved  for  ion  iaplanted  saaples 
(Ennen  et  al  1983).) 

If  we  assuae  that  the  contributing  phonon  energy  is  310.2±lca'^  (38. 5± 
O.laeV),  which  is  close  to  the  energy  of  the  local  phonon  in  InP  (Tapster 
et  al  1981,  Tapster  et  al  1982,  Skolnick  et  al  1983),  we  can  aake  the  as- 
signaent  of  phonon  replicas  as  shown  in  Fig. 3.  (The  notation  ”n-au”  in 
Fig. 3  aeans  the  a-phonon  replica  of  ZPL  In.)  Line  12  is  located  347. 5ca 
(43.1aeV)  below  ZPL  4.  This  energy  is  close  to  the  longitudinal  optical 
phonon  energy  in  InP  (Nooradian  and  Wright  1966).  Furtheraore,  we  observed 
a  saall  shoulder  at  the  higher  energy  side  of  line  12  and  a  peak  between 
lines  12  and  13,  which  are  not  yet  identified. 

Teaperature  dependence  of  the  Yb-related  spectrua  is  shown  in  Fig. 4.  In 
this  figure,  ZPL’s  3,  4,  and  8  at  4.2K,  28X,  43K  and  82K  are  shown  together 
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Fig.l  PL  spectrui  of  sanple  MOL 
<Vb  concentration  ~  5X10*6ci'3) 
at  4.2K. 


1.12  1.16  1.20 

ENERGY  (eV) 


Fig. 2  Yb  PL  lines  of  sample  MOL 
at  4.2K.  Lines  are  numbered  fol¬ 
lowing  Ennen  et  al  (1983). 


Fig. 3  One-  and  two-phonon 
replicas  of  Yb  lines  shown  in 
Fig. 2  at  4.2K.  The  notation  ’’n-m 
w”  means  the  m-phonon  replica  of 
ZPL  In  due  to  the  local  phonon 
with  the  energy  of  38.5meV. 


with  the  phonon  sidebands.  At  temperatures  from  4.2K  to  lOK,  the  spectrum 
as  well  as  its  intensity  remain  essentially  unchanged.  At  43K,  however, 
two  ZPL’s  denoted  by  4  and  8  decrease  in  peak  height  and  notably  increase 
in  full  width  at  half  maximum  (FWHM).  At  this  temperature,  ZPL  8  can  not 
be  observed  as  a  distinct  peak  because  it  merges  with  an  acoustical  phonon 
sideband  of  ZPL  4.  The  FWHM  of  ZPL  4  increases  to  3.26meV  at  82K  from 
0.86meV  at  4.2K.  In  spite  of  the  marked  increase  in  FWHM,  the  peak 
energies  of  ZPL  4  and  8  remain  1.238eV  ard  l.23leV,  respectively,  the  shift 
being  less  than  ImeV  between  4.2K  and  82K. 

Although  both  the  Yb  lines  and  the  near  band-edge  emissions  show  a  decrease 
in  intensity  as  the  temperature  rises,  the  Yb  lines  become  remarkably 
quenched  as  the  temperature  rises  above  lOOK.  Figure  5  shows  the  tempera¬ 
ture  dependence  of  the  integrated  intensities  of  the  Yb  lines  and  the  near 
band-edge  emissions  above  80K.  The  near  band-edge  emissions  include  a 
band-to-band  (or  exciton)  transition  and  a  band-to-acceptor  transition 
while  the  Yb  lines  include  all  the  phonon  sidebands  as  well  as  ZPL’s. 
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Fig. 4  Teiiperature  dependence 
of  Vb  lines  of  saaple  MOL. 
Measureaent  teaperatures  are 
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Fig. 5  Temperature 

dependence 

of 
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tegrated  intensities  of  Yb  1 

ines 

fo) 

and  near  band-edge  eaissions  (A)  above 
80K.  The  broken  line  corresponds  to  an 
activation  energy  of  lOaeV.  Solid  line 
is  to  guide  the  eye. 


The  Yb  eaission  intensity  reaains  nearly  the  saae  between  4.2K  and  43K, 
while  the  near  band-edge  eaissions  begin  to  decrease  above  20K.  On  the 
other  hand,  as  can  be  seen  in  Fig. 5,  the  near  band-edge  eaissions  decrease 
in  intensity  with  increasing  teaperatures  above  80K  with  an  activation 
energy  of  ~10aeV,  while  the  Yb  eaissions  decrease  rapidly  above  lOOK  and 
their  activation  energy  cannot  be  precisely  defined.  The  Yb  eaissions  are 
scarcely  observed  above  200K. 

4.  Discussions 


In  contrast  to  Yb-doped  epitaxial  layers  grown  by  liquid  phase  epitaxy 
(Haydl  et  al  1985),  MOCVO-grown  InP  invariably  shows  n-type  conductivity. 
It  is  possible  that  p-type  conductivity  observed  for  LPE-grown  layers  is 
caused  by  iapurities  in  Yb  aetal  used  for  doping.  For  exaaple,  iapurities 
such  as  Zn  and  Mg  are  often  observed  as  contaainantn  in  rare-earth 
aetals.  They  are  easily  incorporated  into  epitaxial  layers  because  they 
have  Buch  larger  distribution  coefficients  than  that  of  Yb.  thus  contribut¬ 
ing  to  p-type  conductivity. 

PL  results  at  4.2K  (Fig. 2)  and  82K  (Uwai  et  al  1986)  confim  that  MOCVO- 
grown  layers  contain  less  aiiount  of  the  unintentionally  doped  acceptor  com¬ 
pared  with  the  ion- implanted  (Ennen  et  al  1985)  or  LPE-grown  layers  (Haydl 
et  al  1985).  The  band-to-band  emission  is  stronger  than  the  acceptor- 
related  emission  both  at  4.2K  and  82K  in  MOCVO-grown  layers,  while  in  the 
ion- implanted  or  the  LPE-grown  layers  the  acceptor-related  emission 
dominates  the  near  band-gap  emission. 

The  carrier  free2e-out  observed  in  sample  MOL  suggests  that  unknown  deep 
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levels  are  incorporated  into  our  liOCVD-grown  epitaxial  layers.  SINS 
■easureients  reveal  that  transition  aetals  such  as  Fe  and  Nn  are  incor¬ 
porated  into  the  layers  together  with  Vb.  Therefore,  at  present,  we  cannot 
deter«ine  to  what  extent  Yb  affects  the  electrical  properties  of  the 
layers. 

The  aechanisa  of  the  teaperature  dependence  of  the  PL  spectrua  is  not  clear 
at  present.  Though  the  FVHN  of  ZPL  4  at  4.2K  is  as  narrow  as  0.86aeV,  this 
line  broadens  considerably  as  the  teaperature  increases  froa  4.2K  to  82K. 
This  broadening  is  considered  to  be  related  to  the  Oebye  teaperature  of  the 
host  and  the  coupling  strength  between  phonons  and  iapurity  ions  (Yb) 
(Kushida  1969).  The  reason  for  the  rapid  decrease  in  the  Yb  eaission  in¬ 
tensity  with  increasing  teaperatures  above  80K  is  not  fully  understood 
either.  It  should  be  noted  that  in  contrast  to  InPIYb  studied  here,  Yb 
eaissions  in  CdS  do  not  decrease  in  intensity  with  increasing  teaperatures, 
although  the  linewidths  increase  considerably  (Anderson  1966).  A  coa- 
parison  of  these  two  hosts  aight  shed  light  on  the  energy  relaxation 
aechanisa  in  rare-earth  doped  seaiconductors. 

5.  Conclusions 

Yb  has  been  doped  into  InP  epitaxial  layers  by  NOCVD  for  the  first  tiae. 
The  Yb-doped  InP  shows  n-type  conductivity  in  contrast  to  the  LPE-grown 
layers.  Sharp  ZPL’s  due  to  Yb  intra  4f  shell  transitions  were  observed  at 
4.2K  with  phonon  sidebands  at  lower  energies,  showing  a  aarked  increase  in 
linewidths  with  increasing  teaperatures.  Above  80K  the  Yb-related  eaission 
intensity  decreases  drastically  and  Yb  eaission  is  scarcely  observed  above 
200K. 
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Chemical  beam  epitaxial  growth  of  very  high  quality  Gao.47  Ino^s  As/InP 
quantum  wells  and  supeii  lattices:  photoluminescence  and 
photohiminescence  excitation  spectroscopies 
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In  all  kinds  of  chemical  vapor  depositions  ( CVD l^because  the  pressure 
inside  the  reactor  is  typically  greater  than  "lo"^  torr  and  up  to 
atmospheric,  the  flow  of  the  gaseous  reactants  is  ^scious.  If  however, 
the  pressure  is  sufficiently  reduced  (down  to  <  10~^  torr)  so  that  the 
mean-free  paths  between  molecular  collisions  becomes  longer  than  the 
source  in-let  and  substrate  distance,  the  gas  transport  becomes  molecular 
beam.  Such  thin-film  deposition  process  is  called  chemical  beam 
deposition  or  chemical  beam  epitaxy  (CBE)  (Tsang,  1984)  if  the  thin  film 
is  an  epitaxial  layer.  Thus,  CBE  is  the  newest  development  in  epitaxial 
growth  technology.  It  combines  many  important  advantages  of  molecular 
beam  epitaxy  (MBE)  (Arthur,  1968)  and  organo-metallic  chemical  vapor 
deposition  (OM-CVD)  (Manasevit,  1968),  both  of  which  were  first  developed 
in  1968.  And,  therefore,  it  promises  to  advance  the  epitaxial  technology 
beyond  both  techniques. 


In  CBE,  unlike  MBE  which  employs  atomic  beams  (e.g.  AL,  Ga ,  and  In) 
evaporated  at  high  temperature  from  elemental  sources,  all  the  sources 
are  gaseous  at  room  temperature.  They  can  be  organo-metallic  or 
inorgano-metallic  compounds.  For  Ill-V  semiconductors  the  Al,  Ga  and  In 
are  derived  by  the  pyrolysis  of  their  organo-metallic  compounds,  e.g. 
trimethylaluminium,  tr iethylgal  1  ium  and  trimethylindium,  at  the  heated 
substrate  surface.  The  Asj  and  Pj  are  obtained  by  the  thermal 
decomposition  of  their  hydrides  passing  through  a  heated  baffled  cell. 

The  use  of  hydrides  was  first  introduced  into  the  HBE  process  in  1974  by 
Morris  and  Fukui  (  1974  )  and  later  applied  to  the  growth  of  GaAs  and 
InGaAsP  by  Calawa  (1981)  and  Panish  (1980).  Unlike  OM-CVD,  in  which  the 
chemicals  reach  the  substrate  surface  by  diffusing  through  a  stagnant  gas 
boundary  layer  above  the  substrate,  the  chemicals  in  CBE  are  admitted 
into  the  high  vacuum  growth  chamber  in  the  form  of  a  beam.  Further,  in 
OM-CVD,  most  of  the  pyrolysis  of  the  organo-metal  1  ics  is  believed  to 
occur  in  the  gas  phase,  while  in  CBE  there  Is  no  gas-phase  reaction. 

The  system  design  and  growth  conditions  have  been  described  previously 
(Tsang  1984,  1986  a,  b)  and  so  are  their  advantages  over  MBE  and  OM-CVD 
(Tsang  and  Miller,  1986c).  Thus,  we  shall  describe  here  a  summary  of  the 
results  obtained  from  the  characterizations  of  CBE-grown 
^®0.47^''o  quantum  wells  and  superlattices. 
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2.  Single  Quantum  Wells 

47^'''o.53*®  prepared  by  many  growth  techniques 

includingnOCVD  (Razeghi  et  al .  1983;  Kuo  et  al  1985)  chloride  transport 
vapor  phase  epitaxy  (VPE),  (Kodama  et  al .  1983)  HBE  using  solid  arsenic 
and  phosphorous  sources  (Tsang,  1984;  Marsh  et  al.  1985)  and  arsine  and 
phosphine  sources  (Temkin  et  al.  1985;  Panish  1986).  Recently,  it  was 
shown  that  GalnAs  QW’s  prepared  by  CBE  are  of  extremely  high  quality, 
superior  in  many  respects  to  those  made  by  OMCVD,  VPE,  or  MBE.  The 
optical  emission  from  these  QW's  is  intense  and  of  narrow  linewidth 
(Tsang  et  al .  1986a).  Figure  1  shows  a  transmission  electron  microscopy 
(TEM)  photograph  of  the  cross-sectional  view  of  a  stack  of  single 
*^*0 . 47^'^0 . 53*®  QW's  separated  by  InP  dovm  to  a  thickness  of  ~10A. 

Extremely  high  quality  Gag  ^ylng  c^Ks/InP  quantum  wells  with  thickness  as 
thin  as  6  A  have  also  been ‘prepared  by  CBE.  Emission  as  short  as  1.09  pm 
at  2K  (1.14  ym  at  300K )  was  obtained.  Very  sharp  intense  efficient 
luminescence  peaks  due  to  excitonic  transitions  were  obtained  from  all 
quantum  wells  as  shown  by  an  example  in  Figure  2. 


11  12  1.3  1.4  1.5  1.6 

wavelength  X(^m) 


Fig.  1  A  cross-sectional  TEM  of  a  stack  of  GalnAs/InP  QW's  of  different 
thicknesses. 

Fig.  2  A  typical  photoluminescence  spectrum  from  a  stack  of  quantum  wells 
with  different  thicknesses  separated  by  700A  InP  barriers  at  2K.  The 
pumping  power  is  1  pW  and  pumping  area  is  '50pm  diameter. 

The  PL  linewidths  at  2K  were  the  narrowest  that  have  been  ever  reported 
for  Gag  nylOg  quantum  wells  grown  by  any  technique  (Marsh  et  al . 

1985;  PSnlsh  6f^al .  1986;  Miller  et  al .  1986;  Razeghi  et  al .  1983,  1984  ) 
as  compared  in  Figure  3. 
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3  Represents  a  compilation  of  PL  linewidths  (FWHH)  as  a  function  of 
well  thickness  for  the  best  published  CSq  c^As/InP  quantum  wells 

grown  by  OH-CVD  and  MBE  together  with  present  results  grown  by  CBE.  The 
dashed  curve  was  calculated  broadening  due  to  l^fnd-£illing  from 
impurities.  A  sheet  carrier  density  of  2  x  10  cm”  was  used.  The 
dotted  curve  was  calculated  broadening  due  to  "effective"  interface 
roughness,  L^,  of  a^/2  assuming  finite-height  barriers. 

In  fact,  such  narrow  linewidths  for  Ga^  ijylhQ  As  quantum  wells  are, 

for  the  first  time,  at  least  equal  to  tfie  narrowest  linewidths  ever 
reported  for  the  perfected  GaAs/AlAs  and  GaAs/Alj^Ga ^_^As  quantum  wells. 
These  linewidths  indicate  the  "effective"  interface  roughness  to  be  0.12 
lattice  constant,  which  can  be  interpreted  as  that  the  quantum  well  was 
largely  consisting  of  a  big  domain  of  the  same  thickness  perforated 
with  small  domains  of  (L^  +  a  /2),  where  a|j(=5.86A)  is  the  lattice 
constant.  No  broadening  due  to  band  filling  from  impurities  was  found. 
Alloy  broadening  in  Gag  “as  limited  to  the  intrinsic  value  of 

1.3  meV  (Tsang ,  et  al .  l986a, ‘  T986b) .  Also,  for  the  first  time  in 
*^^0.it7^'’Q  53*®  quantum  wells,  the  measured  PL  energy  upshifts  were  in 
excellent  agreement  with  theoretical  values. 


For  GaA3/Al^Ga^_  As  single  and  multiquancum  well  heterostructures, 
studies  (Tsang  et  al .  1986c)  using  low  temperature  photoluminescence  and 
excitation  spectroscopy  techniques  also  show  that  on  the  average  the 
samples  are  similar  in  quality  to  similar  structures  grown  by  MBE  and  in 
certain  characteristics  superior  to  the  MBE  ones.  For  example,  unusually 
sharp  excitation  peaks  have  been  obtained  up  to  quantum  transition  levels 
as  high  as  E^j^.  Further,  in  some  important  respects,  especially  the 
absence  of  band-filling  due  to  impurities  they  are  also  superior  to  those 
grown  by  OM-CVD  (Miller  et  al.  1985). 


Compared  to  AlGaAs/GaAs  CW's,  almost 
no  photoluminescence  excitation 
spectroscopy  (PLE)  has  been  reported  on 
GalnAs  quantum  wells  although  such  data 
could  give  valuable  information 
on  important  parameters  such  as  band  offsets;:, 
and  relevant  electron  and  hole  masses. 
(Claxton  et  al .  1986,  Kodama  et  al .  1986). 
Taking  advantage  of  the  narrow  and 
extremely  intense  emission  of  excitons  £ 

confined  to  InGaAs  quantum  wells  grown 
by  the  CBE  technique.  ‘ 

PLE  (Sauer  et  al.  1986)  spectra  were 
excited  by  a  lOOW  halogen  lamp  in  '• 
conjirction  with  a  0.3m  McPherson 
grating  monochromator  at  a  blaze 
wavelength  of  1.6  pm. 

The  photoluminescence  (PL)  light  was 
detected  at  90  degrees  by  a  0.6m  Jobin- 
Yvon  grating  single  monochromator  with 
1.5  pm  blaze  wavelength. 

Figure  9  shows  the  PLE  spectra  from  a 

seven-layer  quantum  well 

structure  grown  on  an  InP  substrate  wafer. 


Fig.  3  PL  llnewldth  versus 
QW  thickness 


i 
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Next  to  the  substrate  a  0.5  um  InP  buffer  layer  was  grown  followed  by  a 
1520*  wide  InCaAs  control  layer,  and  six  wells  of  thickness  L  =  130A, 
76S,  6o8,  3o8,  and  238.  The  InP  barriers  separating  the  well!  are  6O08 
thick.  The  control  layer  serves  as  a  reference  for  the  PL  spectra  from 
which  precise  energy  upshifts  of  the  QW  emission  can  be  calculated.  All 
the  transition  levels  can  be  cleared  assigned  for  the  first  time 
demonstrating  indeed  the  excellent  quality  of  the  CBE-grown  GalnAs/InP 
QW's.  Fits  to  the  spectra  suggest  that  the  band  offsets  are  Q  ~60J  and 
Qjj  'UOJ  with  masses  m*^  =0.0111  m^,  m^.j^  =  0.465  m^  and  m*g^  =  0.085  m^. 
Energy  dependent  corrections  for  m*g  due  to  conduction  band  ^ 

nojparabolicitigs  are  essential  for  a  good  fit  and  yield  y^  =  3.3  x  10” 
cm'^  for  the  y^k  correction  term  in  the  energy  dispersion. 


In  Figure  5,  we  compare  PL  energy  shifts,  as  a  function  of  well  thickness 
L^,  with  data  from  other  works.  Our  experimental  points  lie 
substantially  higher  than  the  points  compared,  and  are  in  good  agreement 
with  the  three  calculated  curves  displayed. 


Fig.  4  Photoluminescence  excitation  (PLE)  spectra  of  the  multi-layer 
sample  at  2K.2  Light  detection  is  at  the  PL  energy  positions.  An  area  of 
'1.5  X  1.5  mm  is  excited.  Weak  peaks  are  shown  hatched  for  clarity. 

Fig.  5  Experimental  and  theoretical  energy  shifts  from  the  Ioq 

band  edge  and  comparison  with  data  from  other  works  (redrawn  from  Panish 

et  al.,  1986).  (Razeghi  et  al .  1983:  Marsh  et  al .  1985) 

Although  the  origin  of  the  discrepancies  between  experimental  upshifts 
and  theory  in  the  previous  works  is  not  known  the  agreement  in  the 
present  case  gives  evidence  for  the  superior  quality  of  the  samples  grown 
by  CBE.  The  relatively  small  differences  between  our  calculated  curve 
(dashed  line  in  Fig.  5)  and  the  two  other  curves  (full  lines)  result  from 
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the  assumption  of  different  conduction  or  valence  band  offsets, 
respectively,  as  shown  in  Fig.  5  and  different  boundary  conditions:  The 
full  lines  refer  to  the  Bastard  model  (1981)  assuming  conservation  of 
current  whereas  we  have  neglected  effects  due  to  mass  differences  in  the 
well  and  barrier  material.  In  all  three  cases  the  electron  and  hole 
masses  in  InGaAs  are  the  same,  with  the  energy  dependent  NP  corrections 
►  of  the  electron  mass  for  the  dashed  curve  as  discussed  above.  The  near 

coincidence  of  the  three  calculated  curves  shows  that  the  PL  energy 
positions  are  not  sensitive  to  the  mass  values  and  band  offsets  chosen  as 
expected  for  the  n  =  1  electron-heavy  hole  transitions. 

2.  Superlattices 

Ga-,  ii7lnn  ,:,Aa/InP  superlattices  were  also  grown  by  CBE  and  characterized 
by  low  tera^rature  photoluminescence,  room-temperature  absorption  and 
photocurrent  spectroscopies.  .  Figure  6  shows  a  cross-sectional  TEH  of  a 
portion  of  a  100-period  GalnAs  {110X)/InP  (130A)  superlattice.  The 
general  picture  of  interface  abruptness  and  smoothness  are  clearly 
conveyed.  Room-temperature  absorption  spectroscopy  was  performed  on 
several  samples  of  different  well  thicknesses.  Figure  7  shows  two 
typical  spectra. 


Fig.  6  A  cross-sectional  TEH  of  a  portion  of  a  100-period  GalnAs 
(10o8)/InP  (1308)  superlattice. 

Fig.  7  Two  typical  room-temperature  absorption  spectra  of  CBE-grown 
superlattices. 

Not  only  are  the  various  principal  quantum  transitions  clearly 
identified,  the  forbidden  transition  can  also  be  identified  for  the 
first  time  from  absorption  s^ctra. 

Photocurrent  (PC)  measurements  were  also  performed  at  room-temperature 
and  77K.  Spectra  from  a  typical  superlattice  .sample  is  given  in  Figure 
8,  Again,  all  quantum  transitions  even  and  as  high  as' E^j^  (for  the 

first  time  in  PC)  were  clearly  resolved.  In  addition  to  these 
measurements,  low-temperature  PL  of  these  superlattices  also  gave  FWHM 
similar  to  those  of  single  QW's, 
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Fig.  8  Photocurrent  spectra  at  300K  ar.a  77K  from  a  typical  superlattice. 
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Formation  of  DX  centers  by  heavy  Si  doping  in  MBE-grown  AI^Gai  As 
with  low  Al  content 


T.Ishlkawa,  T. Yamamoto,  K.Kondo,  J.Komeno  and  A.Shlbatoml 

FUJITSU  LABORATORIES  LIMITED 

10-1  Wakamlya,  Morlnosato,  Atsugi  243-01,  Japan 

Abstract.  The  dependence  of  shallov  donors  and  DI  centers  on  the 
SI  doping  concentration  In  AlxOa-i.^As  layers  grown  by  MBE  has  been 
investigated.  In  the  shallow-to-DX  transition  region  around  x=0.2, 
the  concentration  ratio  of  DX  centers  to  shallow  donors  was  found 
to  be  closely  related  to  the  SI  doping  concentration.  While  few  DX 
centers  were  observed  in  the  samples  with  a  Si  concentration  of 
about  1x10^7  om"3,  DX  centers  became  dominant  In  those  samples 
with  a  doping  concentration  above  1x10^®  cm~^,  as  used  in  HEMTs. 
These  results  can  be  explained  by  the  effect  of  electron 
distribution  between  f-valley  and  DX  center  level. 

1 .  Introduction 

The  DX  centers  in  N-AlxGai_xAa  layers  have  recently  been  the  subject 
of  much  research  since  they  influence  the  performance  of  important 
devices  such  as  high  electron  mobility  transistors  (HEMTs).  Reports 
show  that  n-type  dopants  in  AlxGa-|_xAs  layers  form  two  types  of 
donors,  shallow  donors  mainly  in  the  composition  region  below  x=0.2 
and  DX  centers  above  x=0.3  (Watanabe  et  al.  1984,  Schubert  et  al. 
1984).  These  results  indicate  that,  in  order  to  avoid  the  undesirable 
influence  of  DX  centers  on  HEMT  performance,  AlGaAs  layers  with  a 
composition  of  less  than  x  =  0.2  are  preferred.  However,  the  above 
conclusion  is  based  on  experiments  on  rather  lightly-doped 
N-AlxGa|_xAs  layers  (about  1x10^"^  om”3).  in  HEMT  applications,  more 
heavily  doped  N-AlxGai _xAs  layers  (about  1x10^®  om~3)  are  used.  In 

this  work,  therefore,  we  investigated  the  dependence  of  shallow  donors 
and  DX  centers  on  Si  doping  concentration  mainly  in  the  shallow-to-DX 
transition  region  around  x=0.2. 

2.  Sample  Preparation 

Samples  were  grown  by  conventional  MBE  on  seml-lns'ilatlng  GaAs 
substrates  at  a  substrate  temperature  of  680 'C.  They  included  0.2-pm 
undoped  GaAs;  0.3-  or  0.5-pm  undoped  AlxGai_xAs  buffer  layers,  which 
can  prevent  two-dimensional-electron-gas  formation;  and  4 -pm  Si  doped 
AlxGai_xAs  layers.  The  doping  concentration  was  varied  from  8x1 0'^° 
cm“3  to  3x1  o"®  om"3,  in  this  work,  the  composition  of  the  AlGaAs 
layers  was  carefully  controlled  as  the  maintainance  of  the  constant 
composition  with  various  doping  concentrations  is  very  important.  It 
was  precisely  determined  from  the  thickness  of  AlAs  and  GaAs 
epitaxial  layers  grown  Just  before  the  sample  growth,  and  also 
determined  by  x-ray  diffraction,  consistency  of  the  obtained  results 
€i  1987  lOP  Publishing  Ltd 
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being  within  i2.SX.  These  epitaxial  layers  were  characterized  by  van 
der  Pauv  Hall  and  DLTS  measurements. 

3.  Results 

For  N-AlxGai_xAs  layers  around  x=0.2  with  various  doping 
concentrations,  the  concentrations  of  shallow  donors  and  DX  centers 
were  estimated  from  Hall  measurements  at  77  K.  Figure  1  shows  the 
electron  concentrations  of  N-AlQ^igjGao.aoS*®  ®~Al0.22*'^0.78*® 

(b)  layers  In  darkness  (solid  circles)  and  five  minutes  after  being 
exposed  to  light  (open  circles),  as  a  function  of  the  reciprocal 
temperature  of  the  Si  effusion  cell.  Even  for  N-AlQ.igjGao. 505*8, 
the  persistent-photoconductivity  (PPG)  effect  was  observed  in  heavily- 
doped  samples.  The  electron  concentration  changed  little  after 
exposure  to  light  in  the  samples  with  a  doping  concentration  of  less 
than  3x10^”^  cm“-3.  In  the  more  heavily-doped  samples,  however,  the 
electron  concentration  increased  considerably  after  being  exposed  to 
light  and  persisted  after  the  light  source  was  removed.  The  heavier 
the  doping,  the  more  significant  this  PPG  effect  became.  For  N- 
*^0. 22^*0. 78*8«  other  hand,  a  persistent  increase  in  electron 

concentration  was  observed  even  in  the  slightly-doped  samples,  but 
became  significant  in  the  more  heavily  doped  samples.  While  the 
electron  concentration  in  darkness  implies  a  shallow  donor 
concentration  which  can  ionize  at  77  K,  the  persistent  increase  in 
electron  concentration  after  exposure  to  light  is  thought  to  indicate 
the  DX  center  concentration,  because  of  its  very  small  capture  cross 

T*  (K)  Tsi  (K) 


(a)  (b) 

Fig.  1  Electron  concentration  of  N-Alo,i95Gao.805*s  (a)  and  N- 
*lo.22*'*0.78*8  ('’J  layers  at  77  K  as  a  function  of  reciprocal 
temperature  of  the  Si  effusion  cell. 
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section  at  77  K  (Zhou  et  al.  1982).  Around  x=0.2,  therefore,  the 
formation  of  DX  centers  Is  thought  to  depend  on  the  doping 
concentration,  and  a  considerable  amount  of  DX  centers  are  thought  to 
be  formed  by  heavy  doping  even  in  the  N-Alo.195Gao.8O5*®  layers  which 
were  believed  to  have  only  a  small  amount  of  DX  centers  (Watanabe  et 
al.  1984i  Schubert  et  al.  1984).  It  should  also  be  noted  that  the 
electron  concentration  after  exposure  to  light  is  proportional  to  the 
Si  vapor  pressure  (broken  line)  both  for  x=0.195  and  x=0.22.  This 
indicates  that  almost  all  the  Incorporated  Si  atoms  act  as  either  kind 
of  donor  and  that  the  auto-compensation  effect  does  not  seem  to  be 
Important. 

To  assure  DX  center  formation  in  these  heavily  doped,  low  Al  content 
samples,  the  temperature  dependence  of  Hall  measurement  and  DLTS 
measurement  were  made  for  the  same  samples  as  in  Fig.  1  (a). 
Figure  2  shows  the  temperature  dependence  of  electron  concentration  in 
N-Alo.iQ5Gao.805As  layers  with  three  typical  doping  concentrations. 
As  in  Fig.  1,  solid  circles  represent  electron  concentration  in 
darkness  and  open  circles  after  light  exposure.  The  sample  with  the 
slightly-doped  concentration  of  8x10^°  cm~3  exhibited  a  behavior 
similar  to  n-type  GaAs  with  shallow  donors:  a  weak  dependence  of 
electron  concentration  on  temperature  and  no  PPG  effect  (Tachikawa 
et  al.  1985).  With  increased  Si  concentration,  however,  below  150  K 
the  PPG  effect  became  significant,  indicating  an  increase  in  the 
concentration  of  DX  centers.  Moreover,  the  increase  in  the  activation 
energy  of  the  carrier  concentration  above  150  K,  Ea.  with  the  Si 
doping  concentration  is  thought  to  imply  an  increase  in  the  DX-center- 
to-shallow-donor  concentration  ratio  rather  than  the  increased  carrier 
compensation  suggested  by  Chand  et  al.(1984). 


T(K  ) 


lO’/T  (K-’  ) 


Fig.  2  Electron  concentration 
for  N-Alo.195Gao.8O5A®  layers 
with  three  doping  concentrations 
(8x1016,  3x10*7,  2.6x1018  cm-3) 
as  a  function  of  reciprocal 
temperature . 


Fig.  3  DLTS  spectra  for 
N-Alo.i95Gao.8O5*®  laysrs  with 

various  doping  concentrations 
(8x10^^  to  9x10^  cm”3). 
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Figure  3  Illustrates  DLTS  spectra  for  four  samples  with  a  doping 
concentration,  Np,  of  leas  than  9x10^"^  cm“3,  Schottky  contacts  to 
all  of  the  samples  had  a  sufficiently  low  leakage  current  to  allow 
DLTS  measurement.  The  rate  window  was  5*77  ms.  While  no  DLTS  signals 
corresponding  to  electron  traps  were  observed  in  the  slightly-doped 
sample  of  8x10^°  om~^,  a  small  signal  appeared  at  3x10^ '  om“3  and 
increased  significantly  with  increased  doping  concentration.  These 
signals  had  the  characteristic  two-peak  feature  often  observed  for  DX 
centers,  and  the  activation  energy  of  electron  emission  obtained  from 
these  signals  is  0.47  eV,  nearly  equal  to  the  reported  values  for  DX 
centers  of  Si-doped  Alo_3Gao,7As  (for  example,  Zhou  et  al.  1982). 
Besides,  the  electron  trap  concentration  estimated  from  these  DLTS 
signals  was  roughly  consistent  with  the  persistent  increase  in 
electron  concentration  in  Fig.  1(a).  Therefore,  it  can  be  concluded 
that  DX  centers  are  formed  in  the  Alo^iqjGao.gOS*®  layer  as  a  result 
of  heavy  Si  doping  and  thus  cause  the  PPG  effect. 

We  also  examined  the  dependence  of  DX  centers  and  shallow  donors  on 
the  doping  concentration  for  other  compositions.  The  concentration 
of  shallow  donors,  Nsp,  and  that  of  DX  centers,  Npx»  were  estimated  by 
Hall  measurement  at  77  K  in  the  same  manner  as  in  Fig.  1.  Figure  4 
summarizes  the  concentration  ratio  of  DX  centers  to  total  donors  as  a 
function  of  the  total  donor  concentration.  The  result  for  x=0.34 
reported  by  Watanabe  et  al.  (1984)  is  also  shown.  The  DX  centers 
are  dominant  above  x=0.3  and  are  independent  of  the  doping 
concentrations.  Around  x=0.2,  however,  the  ratio  proved  to  be 
strongly  dependent  on  the  doping  concentration.  Moreover,  the  DX 
centers  appeared  at  the  higher  doping  concentration  for  lower  Al 
contents.  It  should  be  noticed  that  even  in  the  N-AIq.i  5Gao,85*® 
layers,  which  were  firmly  believed  to  include  no  DX  centers,  the  PPG 
effect  was  observed  in  the  samples  doped  more  heavily  than  2x10^® 
om"3.  The  concentration  of  DX  centers  estimated  from  this  PPG  effect 
is  significantly  high,  about  10%  of  the  total  donor  concentration  for 
the  sample  with  an  Si  content  of  3x10^®  cm“3. 


Fig.  4  Goncentration  ratio  of  DX  centers  to  total  donors  for 
various  N-AlxGai_xA8  layers  as  a  function  of  the  total  donor 
concentration.  Ndx  represents  the  DX  center  concentration,  and 
NgD  that  of  the  shallow  donors.  The  data  for  x=0.34  was 
originaly  reported  by  Watanabe  et  al. 
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4-  Discussion 

These  results  can  be  explained  by 
the  effect  of  electron  distribution 
between  the  T-valley  and  the  DX 
center  level.  We  can  see  from 
Fig.  4  that  the  ratio  of  DX  centers 
to  the  total  donors  is  determined 
both  by  the  AlxCai.^^s  composition 
and  the  doping  concentration. 

Moreover,  the  ratio  was  Independent 
of  MB£  growth  conditions  (Ishikawa 
et  al.  1985).  These  results 
suggest  the  importance  of  the  band 
structure  effect  in  the  formation 
of  the  DX  center.  Thus,  we  can 
explain  our  results  in  terms  of  the 
band  structure.  The  DX  centers  in 
AlGaAs  are  believed  to  be  the  deep 
levels  associated  with  the  L-valley 
(Mizuta  et  al.  1985)  or  X-valley 
(Lang  et  al.  1979).  Around  x=0.2 
the  energy  level  of  the  DX  centers 
associated  with  such  a  non-r-valley  is  expected  to  be  just  above  the 
bottom  of  the  T-valley.  Therefore,  at  light  doping  concentrations 
such  as  1x10'^'^  cm“3,  electrons  occupy  mainly  the  T-vallev.  However, 
increasing  the  doping  concentration  to  about  1x10^®  cm“3  raises  the 
Fermi  level  50  or  60  meV  and  electrons  will  begin  to  populate  the  DX 
center  levels.  Thus,  as  the  doping  concentration  increases,  the  DX 
centers  become  sign! cant  at  around  x=0.2.  Figure  5  schematically 
shows  this  situation.  For  x=0.1 5,  the  energy  level  of  the  DX  centers 
is  expected  to  be  further  above  the  I^minimum,  so  the  DX  center 
appears  at  a  higher  doping  concentration.  For  AlxGai_xAs  above  x=0.3, 
in  contrast,  the  DX  centers  are  dominant,  regardless  of  the  doping 
concentration  because  the  energy  level  is  considered  to  be  much  lower 
than  f-minimum. 

Based  on  these  interpretations,  DX  center  formation,  depending  on  the 
doping  concentration,  can  be  observed  in  other  alloy  systems  with  an 
energy  configration  as  shown  in  Fig. 5,  where  the  energy  of  the  DX 
center  level  is  very  close  to  that  of  r-minimum.  Recently,  donor- 
related  deep  centers,  which  have  very  similar  characteristics  to  those 
of  the  DX  centers  in  AlGaAs,  were  reported  by  Kitahara  et  al.  for  S- 
doped  Gao.52l**0.48^  grown  by  chloride  VPE.  The  concentration  ratio  to 
the  donor  total  also  proved  to  increase  as  the  doping  concentration 
increased  (Kitahara  et  al.  1936).  Since  the  energy  level  of  these 
centers  is  expected  to  be  just  above  r-minimum,  the  results  can  be 
explained  in  the  same  way  as  the  present  case. 

Finally,  the  influence  of  DX  centers  on  HEMTs  should  be  mentioned. 
Even  in  the  case  of  low  Al  content  epitaxial  layers  where  x  is  less 
than  0.2,  DX  centers  are  expected  to  influence  the  performance  of 
HEMTs  because  of  the  heavily  doped  AlGaAs  layers  of  more  than  1x10^® 
om"3.  For  x=0.2,  a  considerable  amount  of  shift  in  the  threshold 
voltage  of  HEMT  between  300  K  and  77  K  was  observed,  the  DX  center 
concentration  being  estimated  to  be  about  30  %  of  the  total  donors 
(Suzuki  et  al.).  This  is  consistent  with  the  present  result. 


Energy 


Fig.  5  Schematic  energy  diagram 
showing  position  of  the  Fermi 
level  and  DX  center  level  for 
N-A1o.2®^0.8A3" 
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5.  Sunmary 

The  dependence  of  shallow  donors  and  DX  centers  on  the  Si  doping 
concentration  in  AljGai.xAa  layers  has  been  investigated  in  detail  by 
means  of  Hall  measurement  and  DLTS  measurement.  The  DX-center-to- 
shallow-donor  concentration  ratio  was  found  to  Increase  with  the 
doping  concentration  in  the  transition  region  around  x=0.2,  and  the 
formation  of  DX  centers  by  heavy  Si  doping  in  AlxGai_xAs  layers  with  a 
low  A1  content  (x<0.2)  was  confirmed  for  the  first  time.  These 
results  were  explained  by  the  effect  of  electron  distribution  between 
the  r-valley  and  the  DX  center  level. 
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Nonradiative  recombination  process  at  deep  ieveis  in  AIGaAs  grown  by 
MBE 


Miyoko  O.Watanabe,  Yasuo  Ahizawa,  Naoharu  Sugiyama  and 
Takatosi  Nakanlsi 

Research  and  Development  Center,  Toshiba  Corporation 
1,  Komukai  Toshiba-cho,  Saiwai-ku,  Kawasaki  210,  Japan 

Abstract  Recombination  at  deep  levels  in  MBE-qrown  AIGaAs  has  been 
studied  by  DLTS.  Temperature  dependences  of  both  electron  and  hole 
capture  cross  sections  were  measured  for  observed  deep  levels  (DX 
center,  E^-0.60eV  and  E^-0.66eV).  The  capture  cross  ^(^tion^^weje 
thermally  activated  and  were  found  to  be  very  large  {10  10  cm"^) 

at  T=«,  suggesting  that  these  levels  are  nonradiative  recombination 
centers.  Based  on  the  capture  cross  sections,  recombination  lifetimes 
were  estimated.  The  results  indicated  that  E  -0.60eV  acts  as  the  most 
efficient  nonradiative  recombination  center. 

1 .  Introduction 

It  is  well  known  that,  in  AIGaAs,  both  photoluminescence  intensity  and 
deep  level  concentration  are  sensitive  to  the  growth  condition  (Lang  et 
al  1976,  Yamanaka  et  al  1984).  The  presence  of  deep  nonradiative  centers 
is  c'ten  inferred,  either  from  decreased  radiative  efficiency  or  from 
increased  deep  level  concentration.  However,  definite  experiments,  which 
unambiguously  identify  nonradiative  recombination  at  deep  levels  in 
AIGaAs,  have  not  yet  been  reported. 

The  nonradiative  recombination  mechanism  has  been  studied  for  GaAs  and 
GaP  using  various  junction  capacitance  techniques  (Lang  and  Henry  1975, 
Henry  and  Lang  1977,  Lang  1974a).  It  was  shown  that  estimation  of  both 
electron  and  hole  capture  cross  sections  for  individual  deep  levels  were 
essential  for  understanding  the  recombination  process.  Host  of  the 
measurements  made,  using  these  techniques,  have  been  on  both  n-type  and 
p-type  samples.  Such  method  is  suitable  for  measuring  definite  deep 
levels,  that  can  be  identified  to  be  the  same  in  n-type  and  p-type 
materials.  However,  for  undefined  deep  levels  it  is  only  necessary  to 
measure  both  electron  and  hole  capture  cross  sections  either  in  n-type 
or  p-type  samples. 

This  paper  presents  nonradiative  recombination  processes  at'  deep  levels 
in  MBE-grown  AIGaAs.  Both  the  electron  and  hole  capture  cross  sections 
were  measured  for  n-type  materials. 

2.  Experiment 

T^e  AIq  7*®  ^^'^ictures  were  prepared  by  MBE^  on  (100)  oriented 

n  GeiAs'  substrates.  A  cross-sectional  view  of  the  p  n  AIGaAs  diode  is 
shown  in  Fig.l.  The  doping  concentration,  in  the  n-AlGaAs  layer, 

which  was  the  layer  under  investigation,  was  varied  between  5x10^  and 
1987  lOP  Publishing  l.td 
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SxlO^^cm  Epitaxial  layers  were  grown  at  a  substrate  temperature  of 

(>00°C,  with  As./Ga  flux  ratio  of  2,  and  at  a  growth  rate  of  lum/h. 

4 

The  p^n  diodes,  with  various  diameters,  were  fabricated  for  DLTS 
measurements  by  wet  etching  mesas,  followed  by  deposition  of  AuZn/Au  and 
AuGe/Au  on  the  p-side  and  n-side,  respectively.  The  metals  were  alloyed 
at  420°C  for  one  minute. 

Doping  concentration  in  the  n-AlGeiAs  layers  was  measured  by  C-V 
profiling  at  room  temperature.  The  capacitance  measurement  frequency  was 
IMHz.  For  characterizing  deep  levels,  DLTS  was  used,  with  which  both 
majority  carrier  (electron)  traps  and  minority  carrier  (hole)  traps 
could  be  detected.  DLTS  was  performed  at  temperatures  ranging  from  100 
to  450K. 


3 .  Deep  Level  Characteristics 

3.1.  Deep  Level 

Typical  DLTS  spectra  obtained  for  o-Al^  are  shoi^  in  Fig. 2, 

where  the  reverse  bias  voltage  of  -IV  was  applied  to  the  p  n  junction. 
The  solid  curve  shows  the  spectrum  taken  for  the  pulse  bias  voltage  of 
OV,  the  condition  under  which  only  electron  traps  could  be  obtained. 
Three  electron  traps  (0.44eV,  0.67eV  and  0.77eV)  were  detected, 

corresponding  to  DX  center,  E  -0.60eV  and  E  -0.66eV,  which  will  be 
discussed  in  3.2.  The  dashed  cuirve  in  Fig. 2  shows  the  spectrum  taken 
under  a  condition  where  holes  were  injected  into  the  n-AlGaAs  layer  by 
20msec  saturation  injection  pulses.  Comparing  the  two  spectra  shown  in 
Fig. 2,  we  find  that  the  detected  electron  trap  concentrations  varied 
with  injected  hole  concentrations,  which  will  be  discussed  in  3.3,  and 
no  hole  traps  are  detected.  The  three  deep  levels  observed  here  are  the 
same  as  the  reported  deep  levels  in  MBE-grown  AlGaAs  (Mooney  et  al  1985, 
Yamanaka  et  al  1984).  Typical  concentrations  are  listed  in  Table  I. 

3.2.  Electron  Capture  Cross  Section 


We  will  confine  our  discussion  to  the  carrier  capture  cross  section  of 
each  deep  level  shown  in  Fig. 2.  Electron  capture  cross  section  o  values 


Fig.l.  Cross-sectional  view  of 
the  sample . 


Fig. 2.  DLTS  spectra  for  n-Alg . iGag .gAs . 


Epitaxial  growth 
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were  obtained  by  measuring  DLTS  signals  (AC)  for  various  trap  filling 
times,  which  is  a  conventional  method  that  was  first  developed  by 
Lang (1974b).  Figure  3  shows  the  temperature  dependence  of  a  for  deep 
levels  in  n-AlGaAs.  One  can  see  a  general  trend:  all  the  levels  have 
electron  capture  cross  sections,  whjgh  inci^ea^e  exponentially  with 
temperature  and  are  very  large,  =10  10  ’em  at  T=o>.  Furthermore, 
the  obtained  values  were  found  to  be  independent  of  carrier 
concentration.  These  facts  suggest  that  the  electron  capture  is  a  non- 
radiative  process  by  lattice-relaxation  multiphonon  emission  at  T>200K 
(Henry  and  Lang  1977) .  The  energy  depth  values  for  the  three  levels  were 
found  to  be  0.14eV,  0.60eV  and  0.66eV  from  the  conduction  band  minimum. 

3.3.  Hole  Capture  Cross  Section 


In  order  to  obtain  the  values  for  hole  capture  cross  section  a  of  deep 
levels  observed  as  electron  traps,  first,  let's  consider  a  m§re  basic 
model  involving  electron  and  hole  capture  in  a  deep  level.  For 
simplicity,  we  will  describe  the  situation  in  n-type  materia^,  which  has 
a  lower-concentration  of  a  deep  level,  in  an  asymmetric  p  n  junction. 
Consider  a  hole-injection  condition  for  a ^ pulse-biased  state.  The 
electron-occupied  deep  level  concentration,  ,  is  given  by  (Lang  1979) 


(1  -  (1) 


where ^a  donor-type  deep  level  is  assumed  to  have  one  of  two  states,  N 
or  Nj  .  In  Eq.  (1)  ,  t  is  time  during  which  the  forward  ^ias^voltage  is 
applied,  is  the  total  deep  level  concentration  (N  =N  ^+N  )  ,  v  (v  ) 
is  the  thermal  velocity  for  electrons  (holes) ,  and  n  (p^^)  is  the  frSe 
electron  (injected  hole)  concentration.  At  t=<»,  we  obtain” 


Nm  (P.,)  =  Nm  - 

^  ^  '^nVnn+  OpVpP^  . 

This  concentration  is  described  as  fN  , 

T 

where  f  is  the  ratio  of  the  electron- 
occupied  deep  level  concentration  to  the 
total  deep  level  concentration.  This 
factor  is  approximately  obtained  as 


-  Nq.  (Pm)  AC(Pm) 

~  AC 

T  max 


Table  I.  Measured  deep  level  concentre-  ^ 
tion  and  estimated  minority-  — 

carrier  lifetimes  (T=300K) .  b 


DX  center 

E^-0.«OeV 

E^'0.66eV 

Tp 

|ns6xlo}?cfn‘?1 

lp*Ixia**cn)'V 

2$0nsec 

€ .Sneec 

IflOneec 

^*^17  -3 

U»lxlO*®cm  V 

S6;iecc* 

Hneec 

! 

1 

42ne«c 

(2) 


lO’rT  (K"’) 


Thlt  Hit  cilculited  for  H^fDX  eenlcr)>l .OxlO^^cnt'^ 


Fig. 3.  Temperature  Dependence  of 
electron  capture  cross  sections. 
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Here,  AC  is  the  DLTS  signal,  taken  under  the  condition  where  all  the 
deep  levels,  arg  occupied  by  electrons,  and  AC  is  the  DLTS  signal 
corresponding  to  .  An  increase  in  injected  hole  concentration  leads 
to  a  decrease  in  f.  Figure  4  shows  the  pulse  bias  voltage  V  dependence 
of  the  observed  DLTS  signal  for  the  DX  center.  Initially^  signal  AC 


increased  with  increasing  V  for  V  =0'^1.3V.  This  is  considered  to  be 
due  to  the  effect  of  decifeasing  depletion  width  with  V  .  Then.  AC 
decreased  with  V  (V  >1.3V),  due  to  increased  hole  ccScentration . 
Therefore,  the  meupiinum^value  for  AC  is  expected  to  correspond  to  AC 
From  Eqs.  (2)  and  (3)  ,  a  factor  (l-f)/f ,  which  determines  the  hole^o 


electron  capture  cross  section  ratio,  is  simply  expressed  by 


1-f 

f 


(4) 


Equation  (4)  gives  the  means  of  obtaining  o  by  plotting  (l-f)/f  vs.  p^_ 
Figure  5  shows  the  plot  of  (l-f)/f  vs.  obtined  from  the  data  in 

Fig. 4.  Here,  the  injected  hole  concentration  p^  was  evaluat^^  from  the 
measured  current  I  of  the  diode,  as  followss  Pjj=Yl/qSx(x /D  )  ,  where 

Y  is  the  hole  injection  efficiency,  S  is  the  junction  a^ea,  x  is  the 
hole  lifetime,  and  D  is  the  hole  diffusion  coefficient.  D  was 
evaluated  as  D  =)ikT,  wtFere  u,the  injected  hole  mobility  was  assigned  at 
each  electron  '^concentration  by  using  the  hole  mobility  obtained  in  a 
p-type  sample  of  the  same  carrier  concentration.  In  the  calculation  of 
p  ,  Y  “3®  between  0.7  and  0.9  (Lang  1979),  and  we  assumed  x  =10nsec 
(Casey  1976) .  A  linear  relationship  between  p^  and  (l-f)/f  is  obtained 
in  Fig. 5.  From  the  slope  of  this  plot,  the  hole  ca^tuje  cross  section  a 
for  the  DX  center  was  found  to  be  1.3x10  cm  at  T=204K.  Thi 
temperature  dependence  of  the  hole  capture  cross  section  was  obtained 
from  the  same  measurements,  but  with  different  rate  windows  for  DLTS 
corresponding  to  different  peak  positions,  the  technique  being  similar 
to  that  in  obtaining  the  temperature  dependence  of  the  electron  capture 
cross  section. 


Fig. 5.  (l-f)/f  as  a  function  of 

injected  hole  concentration. 


Fig. 4.  DLTS  signal  vs.  pulse 
bias  voltage. 


Epitaxial  growth 
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Figure  6  shows  the  temperature  dependence  of  the  hole  capture  cross 
sections  for  the  three  deep  levels  observed  in  n-AlGaAs.  The  DX  center 
and  E  -0.66eV  level  had  thermally  activated  cross  sections.  The 
activafion  energy  for  the  DX  center  was  0.14eV,  which  is  in  reasonable 
agreement  with  the  c.c.  diagram  of  the  DX  center  formed  by  Si  (Lang  and 
Logan  1978).  ExtrajJ^latioi^^  in  Jig. 6  yielded  the  hole  capture  cross 
sections  of  o„=10  v  lo  cm  ,  which  are  similar  to  the  electron 
capture  cross  sections,  suggesting  that  the  hole  capture  processes  are 
also  multiphonon  emission 

4.  Recombination  Lifetime 


The  recombination  lifetimes  (electron  t  and  hole  I  )  were  estimated 
(Shockley  and  Read  1952),  using  the  "capture  cros'i  section  values 
obtained  at  room  temperature,  which  were  extrapolated  from  the 
tenperature  dependence  of  o  and  '  .  Lifetime  values,  t  and  t  ,  were 
estimated  for  the  observed  <ieep  levil  concentrations  shown""  in  Tab^e  I . 


The  hole  lifetime  associated  with  a  deep  level,  which  plays  an  important 
role  in  n-type  material,  is  expressed  by 


The  value  of  N 
:  waA  cal 

nfsxlO  cm  ) 


=  ( 
P 

0 


V  N 

p  p  T 


(5) 


^  for  each  deep  level  was  obtained  from  Eg. (2).  Qy^nti^y 
culated  measured  values  of  N^^llxio"  cm  ), 

and  pdxlO  cm  ),  where  '  n  because  of  the  dominant 
traps  being  the  DX  center  (Watanabe  1984) .  Calculated  values  of  are 
listed  in  Table  I.  ^ 


Similarly,  the  electron  lifet 


Fig. 6.  Hole  capture  cross  sections 
vs.  inverse  temperature. 


,  which  IS  important  in  p-type  material, 
('■) 

was  caj^'ula^ed  for  the  coy^iti^ns  where 
p=lxin  cm  and  n-lxlO  cm  .  Here, 
the  DX  cenjgr  concentration  was  assumed 
to  be  1x10  cm  .  The  electron  lifetime 
calculated  values  are  also  listed  in 
Table  I. 

These  results  indicate  that  for 

E  -0.60eV  level  was  the  shortes"t^^  both 
in  n-type  and  p-type  materials.  These 
values  were  considered  to  be  comparable 
to  the  radiative  recombination 
lifetimes  estimated  for  these 
conditions  (Casey  1976)  .  An  increase  in 
E  -0.60eV  level  concentration  results 

Q 

in  a  decrease  in  a  nonradiative 
recombination  lifetime.  As  a  result, 

reduction  of  K  -0.60eV  level 

c 

concentration  is  very^  important  to 
obtain  high-quality  AlGaAs,  It  was 
experimentally  confirmed  that 

normalized  photoluminescence  intensity 
(/IdE/n)  decreased  with  an  increase  in 

the  E  -0.60eV  level  concentration. 
c 
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Previously,  E  -0.66eV  level  has  been  proposed  as  a  nonradiative 
recombination  center  in  AlGaAs  grown  by  HBE  (Yamanaka  et  al  1934, 
Akimoto  et  al  1986).  This  was  based  only  on  experimental  results,  where 
the  PL  intensity  decreased  with  an  increase  in  the  concentration  of 
E  -0.66eV  level.  This  level  concentration  usually  increases  with  the 
concentration  of  E  -0.60eV  level,  therefore  it  can  be  considered  that 
the  decreased  PL  intensity,  observed  by  Ycunanaka  et  al  and  Akimoto  et 

al,  was  due  to  the  increased  E  -0.60eV  level  concentration. 

c 

5 .  Summary 

Recombination  at  deep  levels  in  MBE-grown  AlGaAs  was  investigated  by 
DLTS.  Detected  deep  levels  were  the  DX  center,  E  -0.60eV,  and  E  -0.66eV. 
The  temperature  dependence  of  the  electron  capture  cross  section  o  was 
measured  for  each  deep  leval  by  a  conventional  method.  The  temperature 
dependence  of  the  hole  capture  cross  section  o  “as  also  measured  by 
analyzing  recombination  process.  All  of  the  d^p  levels  had  capture 
cross  section  described  ’rup^aw^pC-uE/kT)  ,  where  the  j  x(T=»)  and  E 
values  obtained  were  10  ^.10  cm  and  0%0.30eV.  These  facts  suggest 

that  these  recombination  processes  are  nonradiative.  Based  on  the  values 
of  the  capture  cross  sections  obtained,  recombination  lifetime  t  values 
at  room  temperature  were  estimated.  The  T  value  for  E  -0.60  level  was 
found  to  be  the  shortest.  Reduction  in  E  -0.60eV  level  concentration  is 
essential  to  obtain  high-quality  AlGaAs.  In  conclusion,  the  present 
experiments  offer  a  highly  efficient  tool  for  characterization  of 
electrical  and  optical  quality  of  AlGaAs  layers. 
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MBE  growth  of  GaAs  on  Si  using  thermally  strained  layers 


J.  W.  Lee 

Texas  Instruments  Incorporated,  Central  Research  Laboratories, 

P.O.  Box  22S936  N/S  147,  Dallas,  TX  7526S 

ABSTRACT.  A  thermally  strained  GaAs  layer  has  been  used  as  a  buffer  layer 
in  MBE  growth  of  GaAs  layers  on  Si  substrates.  To  grow  such  buffer  layer 
the  substrate  temperature  was  cycled  with  a  short  period.  The  as-grown 
GaAs  layers  were  extremely  smooth  and  flat,  and  compatible  with  ion 
implantation  and  thermal  annealing  processes.  After  annealing  the  total 
defect  density  was  reduced  at  least  1000  x. 

1.  Introduction 


The  GaAs  epitaxy  on  Si  substrates  is  now  considered  to  be  a  practically 
important  technology  in  both  Si  and  GaAs  device  fields.  The  monolithic 
integration  of  GaAs  devices  with  Si  circuits  (Choi  et  al  1986)  and  the  large 
area  GaAs  integrated  circuits  on  Si  substrates  (Monaka  et  al  1984,  Shichijo 
et  al  1986)  are  the  two  major  goals  of  this  time.  One  of  the  major 
difficulties  in  reaching  these  goals  is  the  high  defect  density  in  the 
epitaxial  GaAs  layer.  Previous  transmission  electron  microscopy  (TEM) 
studies  by  Metz  et  al  (1986),  Fischer  et  al  (1986),  and  Lee  and  Tsai  (1986) 
indicate  that  misfit  dislocations,  stacking  faults,  and  twins  are  the  major 


defects  in  MBE  grown  GaAs-on-Si  layers.  The  usual  defect  density  is 
10^~10^/cm^  at  the  top  of  a  3  pm  epilayer  grown  using  the  conventional  GaAs 


growth  condition.  Assuming  a  one  dimensional  concept,  this  may  be 


interpreted  as  one  defect  per  every  1  pm. 


For  defect  reduction  in  GaAs-on-Si  layers  Akiyama  et  al  (1934)  and  Masselink 
(1986)  proposed  low  temperature  growth  initiation  procedures  and  Metz  et  al 
(1985),  Fischer  et  al  (1986),  and  Lee  (1986)  claimed  the  use  of  tilted  Si 
substrates.  Relatively  smooth  surface  morphologies  have  been  achieved  by 
them.  Strained  layer  superlattice  (SLS)  such  as  InGaAs/  GaAs  (Fischer  et  al 
1986,  Lee  1986)  or  GaP/GaAsP  (Soga  et  al  1986)  have  also  been  used  for 
defect  reduction  since  it  is  generally  known  that  a  variation  of  lattice 
strain  results  in  a  deviation  of  the  dislocation  direction.  The  dislocation 
densities  of  GaAs-on-Si  layers  grown  with  InGaAs/GaAs  SLS  buffer  layers 
ranges  between  -10^  and  lO'/cm^,  depending  on  growth  conditions  and  defect 
counting  method. 


The  ocher  approach  for  defect  reduction  is  post  growth  thermal  annealing. 

Lee  et  al  (1986)  have  found  that  the  true  defect  densities  of  any  GaAs-on-Si 
layers  can  be  reduced  by  several  orders  of  magnitude  by  proper  thermal 
annealing.  However,  in  most  cases  many  cracks  or  slips  are  found  in  the 
annealed  surfaces.  This  may  be  ascribed  to  the  film  stress  release  during 
the  high  temperature  annealing.  Therefore,  it  is  necessary  to  minimize 
residual  film  stress.  In  this  paper,  a  new  type  of  homojunction  buffer 
layer  is  proposed  for  this  purpose.  This  layer  can  provide  an  extremely 
c  1987  lOP  Publishing  Lid 
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flat  and  smooth  surface  for  the  final  GaAs-on-Si  layer  which  is  compatible 
with  thermal  annealing  procesi.  Both  the  as-grown  and  the  annealed  layers 
are  characterized*  and  the  annealing  properties  are  compared  with  the  Layer 
grown  on  an  InGaAs/GaAs  SLS  buffer  layer. 

2.  Thermally  strained  layer. 

In  the  usual  SLS  the  lattice  strain  is  produced  by  the  enforced  lattice 
match  of  two  crystals  with  different  lattice  constants.  Another  way  to 
introduce  strain  into  a  heteroepitaxial  layer  structure  is  by  varying  the 
growth  temperature  without  changing  the  material  choice.  For  instance*  in 
molecular  beam  epitaxy  (MBE)  or  organo-metallic  chemical  vapor  deposition 
(MOCVD)*  if  the  substrate  temperature  can  be  alternated  within  a  short 
period  of  time*  the  epitaxial  film  may  be  either  contracted  or  extracted 
periodically  due  to  the  dissimilarity  of  thermal  expansion  coefficients 
between  the  substrate  material  and  the  epitaxial  material.  This  bimetallic 
crystal  deformation  brings  a  dynamic  strain  variation  into  the  epitaxial 
layer  with  the  same  period  as  the  substrate  temperature  cycle.  Since  the 
strain  is  induced  by  thermal  variation*  we  may  call  such  a  layer  'thermally 
strained  layer  (TSL)'.  The  strain  in  the  TSL  will  be  constant  whenever  the 
substrate  temperature  is  kept  constant.  The  strain  variation  during  the  TSL 
growth  depends  on  the  difference  between  the  thermal  expansion  coefficient 
of  the  substrate  crystal  and  that  of  the  epilayer  crystal  as  well  as  the 
amplitude  of  the  temperature  cycle.  Since  the  GaAs  expansion  coefficient  is 
^2.6  times  larger  than  the  Si*  the  GaAs  TSL  may  introduce  a  relatively  large 
strain  variation  into  the  GaAs-on-Si  layer  during  the  epitaxy.  With  this 
idea  the  TSL  may  be  used  as  a  defect  filtering  buffer  layer  in  MBE  growth  of 
GaAs-on-Si  layers . 

3.  MBE  growth  of  GaAs-on-Si  with  TSL 

For  this  work*  all  GaAs-on-Si  layers 
were  grown  on  2-inch  diameter  (100) 

Si  substrates  tilted  by  3-4  degrees 
toward  a  (Oil)  zone.  The  Si  substrate 
cleaning  procedure  was  described 
previously  (Lee  1986).  Each  substrate 
was  introduced  into  the  MBE  chamber 
using  an  indium-free  mounting 
substrate  holder*  and  heated  at  1000*’C 
for  3  minutes  to  provide  an  oxide-free 
surface  just  before  the  growth.  The 
first  50  A  thick  GaAs  layer  was 
deposited  at  a  substrate  temperature 
of  SSO^C  with  a  growth  rate  of  0.3  pm/h 
After  this,  the  growth  rate  was 
raised  to  0.9  pm/hr  and  the  substrate 
temperature  was  cycled  five  times 
between  425®C  and  625°C  every  600  A 
growth  period,  as  illustrated  in 
Figure  1.  Following  the  0.3  pm  thick 
buffer  layer  growth,  the  substrate 
temperature  and  growth  rate  were  set 
at  580®C  and  0.9  pm/hr,  respectively* 
to  grow  3  pm  thick  GaAs  layers. 


LAYER  THICKNESS  (^) 


Fig.l.  Substrate  temperature 
and  growth  rate  control  for 
TSL  growth 
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4.  Characterization  of  an  as-grown  layer. 

Figure  2  shows  the  typical  surface 
morphology  of  a  3  pm  thick  GaAs-on-Si 
layer  grown  with  the  TSL  buffer  layer. 

The  surface  looks  very  smooth;  no 
grains  were  observed  in  this  phase 
contrast  optical  micrograph  with  a  8S0x 
magnification.  Surface  defect  density 
was  '-50/cm^«  including  the  oval  type 
defect  density  of  '~30/cm^.  This  value 
is  much  less  than  the  typical  surface 
defect  density  of  GaAs  layers  grown  on 
GaAs  substrates  in  the  same  MBE  system, 

—SOO/cffl^.  The  wafer  flatness  was  measured 
by  a  direct  surface  profilometer  (Taylor- 
Hobson  model  Talysurf  4).  The  profile 
showed  l.l  pm  warpage  on  the  center  of 
the  2  inch  wafer.  The  radius  of  curvature 
is  estimated  to  be  '-264  m  from  that 
profile,  indicating  that  the  residual 
thermal  stress  of  this  GaAs  layer  is 
negligible. 

Detailed  defect  structure  was  investigated  using  TEM.  Figure  3  shows  a  TEN 
image  from  the  TSL  cross  section.  The  area  near  the  GaAs/Si  interface  has 
too  many  dislocations  to  define  the  density.  Over  the  first  0.25  pm  the 
dislocation  density  is  reduced  quickly,  and  near  the  3  pm  top  layer  it 
appears  to  be  less  than  10®/cm^,  Besides  the  dislocations,  several  stacking 
faults  (or  twins)  are  seen  in  this  micrograph  as  straight  lines.  Small 
surface  ripples  are  observed  on  the  top  surface;  the  heights  of  them  are 
less  than  200  k.  It  should  be  noted  that  in  this  cross  sectional  image  the 
dislocations  over  0.2S  pm  from  the  GaAs/Si  interface  arc  discrete  and  short 
in  lengths.  The  dislocations  have  deviated  from  the  growth  direction  and 
only  the  short  portion  of  their  paths  are  seen  through  this  thin  TEM 
specimen  (less  than  1  pm).  Since  the  dislocation  paths  are  observed  over 
0.25  pm  the  deviations  may  have  happened  during  the  TSL  epitaxy.  This  may 
be  an  evidence  that  the  TSL  acted  like  a  SLS  by  deflecting  the  dislocation 
paths  due  to  thermally  induced  strain  variation. 

Fig. 3.  TEH  cross  section  of 
GaAs-on-Si  layer  with  a  TSL 
buffer.  Dislocation  paths 
are  discrete  over  0.25  pm 
from  the  GaAs/Si  interface, 
indicating  dislocations 
were  deflected  during  the 
TSL  epitaxy. 


Fig. 2.  Surface  morphology 
ot  the  GaAs-on-Si  layer 
grown  with  a  TSL  buffer. 
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Fiq.4.  TEH  cross  sections  of  the  annealed  GaAs-on-Si  layer  with  a  TSL  before 
■  on - implantat  ion  (a)  and  after  icn- implantat ion  at  850®C  for  ISminutes. 


5.  Anneaiinq  properties  of  GaAs-on-Si  with  TSL  buffer 

For  defect  reduction,  the  GaAs-on  Si  wafer  with  the  TSL  buffer  was  annealed 
in  a  conventional  quartz  furnace  with  As  over  pressure  at  850®C  for  15 
minutes.  Another  wafer  with  S)  ion - implantat ion  was  also  annealed 
simultaneously.  After  annealing,  no  morphological  change  was  observed  under 
optical  microscope;  no  film  ciacks  or  slips  were  found,  and  the  warpage 
change  was  negligible. 

Figure  4(a)  shows  the  TFH  image  obtained  from  the  annealed  GaAs-on-Si  layer 
specimen.  Compared  with  the  as-qrown  layer,  the  annealed  layer  has  few 
defects  in  the  top  2  pm  and  has  no  twins  and  stacking  faults.  Figure  4(b) 
shows  another  TEH  cross  section  of  tne  ion  implanted  and  annealed  specimen. 
The  defect  density  in  this  GaAs  layer  seems  to  be  lower  than  the  annealed 
only  layer.  Ho  implantation  damage  was  observed.  A  wide  view  of  the  TEH 
cross  section  indicates  that  the  defect  free  space  extends  over  20  pin  in  the 
near  surface  region.  If  we  assume  that  the  two  dimensional  defect  density 
(defect/cm^)  is  simply  a  square  of  the  one  dimensional  defect  (defect/cm), 
then  the  total  defect  density  in  t.iat  area  is  less  than  3  x  10^/cin^. 

6.  Comparison  with  an  IHq  ^^As/GaAs  SLS 

For  the  comparison,  one  5  pm  thick  GaAs  on-Si  layer  was  grown  with  a  four- 
period  of  Ihq  i^Gag  g^As/GaAs  (30  A/200  A)  SLS  buffer  leyer.  The  SLS  was 
grown  at  510**C  with  a  growth  rate  of  0.3  pm/hr  and  the  continuing  GaAs  layer 
was  grown  at  580'’C  with  a  growth  rate  of  0.9  pm/hr.  One  piece  of  this  layer 
was  annealed  simultaneously  with  a  TSL  sample. 


Epitaxial  growth 
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(o)  GoAs-on-Si  vkith  TSL 


(b)  GoAs-on-SI  with  SLS 


2  6  (degrees) 


Fig. 5  Xray  diffraction  patterns  of  the  GaAs-on-Si  with  a  TSL  buffer  layer 
(a)  and  an  InQ  |5GaQ  g^As/GaAs  SLS  buffer  layer  (b). 


Figure  5  shows  (400)  x-ray  diffraction  patterns  obtained  from  the  TSL  sample 
(a)  and  the  Ioq  ^5^30  g^As/GaAs  SLS  sample  (b)  both  before  and  after 
annealing.  There  are  not  any  significant  differences  in  terms  of  the  GaAs 
peak  linewldths  or  relative  intensities  between  the  TSL  sample  and  SLS 
sample,  indicating  that  their  GaAs  epilayer  crystallinities  are  very  similar 
to  each  other.  In  both  cases,  the  linewidths  of  GaAs  peaks  were 
significantly  reduced  after  annealing.  Combined  with  the  TEM  data  these 
linewidth  reductions  of  x-ray  peaks  proved  that  thermal  annealing  truly 
improved  the  overall  crystallinity  of  the  GaAs-on-Si  layers. 


The  x-ray  diffraction  proved  that 
the  TSL  was  as  good  as  the  SLS  as 
a  buffer  layer.  However,  the  real 
advantage  of  the  TSL  buffer  layer 
was  found  after  annealing.  Figure  6 
shows  the  surface  morphologies  of 
the  annealed  samples.  The  TSL  sample 
surface  (a)  remains  unchanged,  while 
the  SLS  sample  surface  (b)  has  many 
cracks  or  slips  with  (Oil)  orien¬ 
tations.  The  reason  may  be  explained 
by  'Turvature  measurements.  The  radius 
of  curvature  of  the  SLS  wafer  was 
20  m  before  annealing,  while  it  was 
36  m  after  annealing.  From  this 
curvature  change  it  is  easily 
said  that  the  film  stress  released 
by  thermal  annealing  induced  those 
cracks  or  slips.  The  radius 
of  curvature  of  the  as-grown  layer 
with  TSL  buffer  was  284  m  long.  It 
is  now  under  investigation  which 
combination  of  the  TSL  results  in 
the  minimum  stress  in  the  as-grown 
GaAs-on-Si  layers . 


Fig. 6.  Morphology  Comparison 
of  annealed  GaAs-on-Si  layers 
with  a  TSL  (a)  and  SLS  (b) 
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7.  Conclusion 

TSL  has  been  used  as  a  buffer  layer  for  the  MBE  growth  of  GaAs-on-Si  layers. 
The  as-grown  GaAs  layers  were  superior  to  the  other  layers  in  wafer  flatness 
and  surface  morphology.  TEH  micrographs  indicate  that  the  TSL  acted  as  an 
effective  buffer  layer  to  confine  the  threading  dislocations.  The  usual 
defect  densities  of  the  as-grown  layers  were  less  than  10^/cra^.  The  defect 
density  was  reduced  by  factor  of  -10^  after  thermal  annealing.  The  GaAs 
crystallinity  grown  on  the  TSL  was  comparable  to  that  grown  on  an 

IS^^^O  g5As/GAAs  SLS;  however,  the  TSL  wafer  was  more  resistive  to  high 
temperature  annealing.  After  annealing,  the  surface  morphology  of  the  TSL 
layer  sample  did  not  change,  while  the  SLS  sample  layer  had  many  cracks  and 
slips.  This  result  indicates  that  the  TSL  system  is  more  compatible  with 
conventional  device  processing  associated  with  ion  implantation  and 
annealing.  To  compromise  the  defect  filtering  function  with  the  annealing 
compatibility,  it  may  be  useful  to  combine  a  low  composition  (-5  %) 
InGaAs/GaAs  superlattice  with  the  TSL  growth. 
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Abstract  AIGaAs  grown  by  MBE  on  GaAs  substrate  orientations  close  to 
(100)  has  been  studied  by  using  lenticular  substrates  to  determine  the 
effect  of  misorientat ion  on  surface  morphology  and  photoluminescence 
efficiency.  Growth  parameters  which  were  investigated  are  aluminum- 
arsenide  mole  fraction  (0.3  &  0.4),  V/IIl  BEP  ratio  (11  &  6)  and  sub¬ 
strate  temperature  (620°C  4  650^0  ).  There  is  two-fold  symmetry  in  the 
surface  morphology  about  the  <100“^  axis.  The  smoothest  areas,  which  also 
have  the  best  photoluminescence,  are  centered  6®  off  <’100>  toward  <111>A, 
i.e,  where  growth  occurs  on  monatomic  steps  terminated  by  gallium  atoms. 


1 .  Introduction 

Smooth  morphology  and  good  optical  quality  are  important  properties  of 
semiconductor  epitaxial  layers  that  are  necessary  to  optimize  device 
performance.  Aluminum  gallium  arsenide  (AlGdAs)  is  an  epitaxial  material 
that  has  been  studied  extensively  because  of  its  desirable  properties,  that 
is,  a  wide  band-gap  material  lattice  matched  to  gallium  arsenide  (GaAs). 
However,  AIGaAs  grown  by  Molecular  Beam  Epitaxy  (MBE)  has  a  rough  surface 
and  poor  optical  characteristics  when  grown  under  certain  conditions  that 
are  desirable  for  device  applications  (Alexandre  et  al  1985,  Petroff  et  al 

1984,  Stall  et  al  1985).  Improved  surface  and  optical  quality  can  be 
achieved  by  using  high  growth  temperatures  and  low  V/III  BEP  ratios  (Tsui 
et  al  1984);  however,  at  these  higher  temperatures  there  are  problems  of 
diffusion  and  gallium  desorption.  Recently,  we  reported  that  misorienting 
the  GaAs  substrate  from  <100>  in  a  proper  direction  yields  greatly  improved 
structural  and  optical  properties  of  AIGaAs  epitaxial  films  (Tsui  et  al 

1985,  1986).  We  also  presented  evidence  of  a  specific  misorientation,  that 
is,  a  critical  angle  which  gives  better-quality  epitaxial  material.  We  now 
report  the  results  of  an  experiment  to  more  accurately  define  this  critical 
angle  and  to  determine  how  the  critical  angle  changes  with  growth 
conditions. 

The  experiment  was  to  grow  epitaxial  AIGaAs  on  a  convex  GaAs  substrate 
which  allows  all  orientations  within  a  certain  number  of  degrees  (depending 
on  geometry)  to  be  studied  in  the  same  growth  run.  Four  epitaxial  layers 
were  grown  under  difff^ent  conditions.  The  growth  parameters  which  were 
varied  were  the  growth  temperature  (620°C  and  650°C),  V/III  BEP  ratio  (6 
and  11)  and  aluminum  arsenide  (AlAs)  mole  fraction  x  where  x 
*0.3  and  0.4).  The  epitaxial  films  were  evaluated  by  observing  the  surface 
morphology  and  photoluminescence  spectrum. 
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2.  K»peri»ental  Procedure 

Four  substrates  were  cut  with  a  { 100)-crientation  from  the  same  silicon- 
doped  (n+)  horizontal  Bridgman  grown  GaAs  ingot.  They  were  ground  to  a 
plano-convex  shape  and  have  a  radius  of  curvature  of  100.76  mm,  a  diameter 
of  51  mm  and  a  thickness  of  sf  5  mm.  The  convex  surface  was  then  polished  to 
a  specular  finish.  This  shape  allows  all  orientations  within  14®  (i.e.  out 
to  (511))  of  the  <100>-direction  to  be  studied  in  one  growth  run. 

Before  epitaxial  growth  the  substrates  were  solvent  cleaned  sequentially 
with  two  rinses  each  of:  toluene,  acetone  and  2-propanol  heated  to  just 
below  the  boiling  point  The  lenses  were  then  rinsed  in  deionized  water 
and  etched  in  a  4:1:1  H2SO^  :  ^2^2  *  ^2^  solution  heated  to  100®C.  The 
xenses  were  etched  for  a  total  of  5  minutes,  and  for  the  first  minute,  the 
solution  was  stirred.  The  substrate  lenses  were  removed  from  the  etch 
solution,  rinsed  in  deionized  water  and  blown  dry  with  nitrogen.  After 
this  preparation,  the  surface  of  the  lens-shaped  substrate  appears  visually 
to  be  nearly  as  good  as  standard  (100)  GaAs  wafers  prepared  for  epitaxial 
growth  in  our  laboratory.  The  lenses  were  mounted  on  molybdenum  substrate 
carrier  blocks  using  molten  indium  and  stored  in  the  ultra  high  vacuum 
(UHV)  of  the  MBE  system  until  ready  for  use  (usually  within  24  hours). 
There  was  some  initial  concern  that  the  thicker,  heavier  lens-shaped 
substrates  might  either  slide  off  the  mounting  block  or  crack  as  they  were 
heated,  but  this  did  not  turn  out  to  be  a  problem. 

A  Varian  GEN  II  MBE  system  was  used  to  grow  the  AlGaAs  epitaxial  layers. 
This  UHV  system  has  two  vacuum-locks  in  series  with  the  growth  chamber. 
Pumping  is  done  by  titanium  sublimation  pumps,  ion-pumps  and  cryo-pumps. 
There  are  eight  source  furnaces  arranged  radially  and  pointed  toward  the 
substrate  holder.  The  group  III  furnaces  are  adjacent  to  one  another  to 
reduce  the  possibility  of  a  periodic  comporitional  variation  as  the  sub¬ 
strate  's  rotated.  The  uniformity  of  composition  x  was  evaluated  with 
electron  microprobe  over  the  surface  of  the  lens  toward  the  <lll>A-direct- 
ion.  The  variation  was  found  to  be  x  +  0.012  over  the  diameter  of  the  lens. 

There  are  several  terms  used  in  the  following  discussion  that  should  be 
clarified.  The  Beam  Equivalent  Pressure  (BEP)  is  defined  as  the  pressure 
measured  by  an  ion  gauge  that  is  rotated  into  the  growth  position?  the  ion 
gauge  position  is  then  adjusted  to  maximize  the  reading.  To  measure  the 
arsenic  BEP,  the  ion  gauge  is  first  exposed  to  10  seconds  of  gallium,  then 
with  the  gallium  shutter  open,  the  arsenic  shutter  is  opened,  and  the  BEP 
read  immediately.  The  gallium  background  is  subtracted  to  give  the  arsenic 
BEP.  The  gallium  and  aluminum  BEPs  are  measured  by  opening  the  shutters 
individually  and  subtracting  the  background  with  the  shutters  closed.  The 
BEP  ratio  is  defined  as  the  arsenic  BEP  divided  by  the  sum  of  the  gallium 
and  aluminum  BEPs.  The  arsenic  is  called  minimum  when  the  V/III  BEP  ratio 
is  set  at  the  lowest  level  where  AlGaAs  can  be  grown  without  metal-rich 
morphology. 

The  AlGaAs  in  all  four  runs  was  grown  at  a  rate  of  1  micron  per  hour  to  a 
thickness  of  »4  microns.  The  first  three  runs  were  grown  using  an  AlAs 
composition  of  x  =  0.3.  Run  #1  was  grown  at  620®C  with  minimum  arsenic 

(V/III  BEP  ratio  of  6.5).  The  BEP  readings  were:  arsenic,  3.2  x  10“^ 
—  7  —  7 

torr;  aluminum,  1.2  x  10  torr?  and  gallium,  3.7  x  10  torr.  Fig.  1 
shows  a  composite  picture  of  phase  contrast  micrographs  taken  of  the 
surface  of  the  epitaxial  layer.  A  quarter  of  the  lens  is  representative  of 
the  surface  morphology  of  the  whole  lens  for  all  of  these  growth  runs 
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Surface  morpholopy  and  photoluminescence  (77K)  of  AlGaAs  grown 
on  convex  GaAs  substrates  (growth  conditions  shown).  Smooth  mor¬ 
phology  and  hand-to-band  emission  are  only  found  around  6°  off 
<100>  toward  <'111>A. 
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because  of  the  two-fold  symmetry  about  the  <100>  axis.  The  micrographs 
show  that  growth  on  the  <100>  orientation  is  rough  as  expected.  The  only 
smooth  regions  are  located  about  6  degrees  off  <100>  toward  <111>A.  The 
surface  becomes  rough  again  as  the  angle  increases  even  more  toward  the 
<lll>A-direction  indicating  that  the  amount  or  misorientation  is  critical. 
The  critical  angle  is  6®  and  was  determined  by  observing  the  smoothest  area 
of  the  lens  using  a  Nomarski-contrast  microscope.  The  photoluminescence 
was  measured  using  the  5145  angstrom  line  of  an  argon-ion  laser  with  an 
intensity  of  20  W/cm^  and  a  photomultiplier  with  S-1  response.  The  77K 
photoluminescence  spectra  were  taken  at  three  degree  intervals  of 
misorientation  off  <100>  toward  <111>A  and  <111>B  and  correspond  to  the 
positions  illustrated  by  the  diagram  in  Fig.  1.  The  results  presented  in 
Pig.  1  show  that  the  areas  with  the  smoothest  surface  morphology  also  have 
the  best  photoluminescence.  Band-to-band  emission  is  visible  only  toward 
the  <111>A  direction.  The  deeper-level  defect-related  peaks  are  reduced  or 
even  eliminated  in  the  smooth  region. 

Run  #2  used  the  same  growth  temperature  of  620°C  and  x  s  0.3  but  the 
arsenic  flux  was  increased  to  yield  a  V/III  BEP  ratio  of  11.2.  The  BEPs 
were:  arsenic,  5.6  x  10  ®  torr;  aluminum,  1.3  x  10~^  torr;  and  gallium, 

3.7  x  10**^  torr.  Surface  morphology  is  shown  by  the  composite  Nomarski- 
constrast  micrographs  in  Fig.  2.  Run  #2  has  a  large  smooth  area  compared 
to  Run  #1  that  is  triangular  shaped.  Notice  that  the  surface  is  fairly 
smooth  in  the  <100>  direction  and  for  misorientations  toward  the  <111>A  out 
to  14®,  but  the  orientations  toward  <111>B  all  have  rough  surfaces.  The  PL 
spectra  (Fig.  2)  show  band-to-band  emission  only  toward  the  <111>A 
direction.  The  strongest  emission  is  from  6®  to  9®  which  is  within  the 
region  of  smoothest  morphology.  There  is  some  evidence  of  much  weaker 
band-to-band  emission  from  0®  to  6®,  also  within  the  smooth  region.  In 
this  instance,  the  defect-related  band  near  1.712  eV  is  still  evident. 

For  the  third  run,  the  temperature  was  increased  to  650®C  with  x  s  0.3  and 

the  minimum  V/III  BEP  ratio  of  6.7.  The  BEP  readings  were:  arsenic,  3.2  x 
—6  —7  -7 

10  torr;  aluminum,  1.2  x  10  torr;  and  gallium,  3.6  x  10  torr. 

The  smooth  area  is  slightly  smaller  than  for  Run  #1,  and  again  located  off 
<100>  toward  <111>A.  The  PL  spectra  show  band-edge  emission  only  from  the 
smooth  regions. 

Finally,  in  Run  #4  the  aluminum  mole  fraction  was  increased  to  x  s  0.4  with 
growth  temperature  of  650®C  and  V/III  BEB  ratio  of  6.1.  The  BEP  readings 
were:  arsenic,  3.3  x  10*®  torr;  aluminum,  1,7  x  10"^  torr;  and  gallium, 

3.7  X  10~^  torr.  The  surface  morphology  pattern  is  very  similar  to  the 
other  minimum  arsenic  growth  runs.  The  PL  spectra  again  show  band-edge 
emission  only  from  the  smooth  regions. 

3.  Piscossion  and  SoMary 

A  pictorial  summary  of  the  surface  morphology  of  the  four  AlGaAs  epitaxial 
growth  runs  is  shown  in  Fig.  3.  These  smooth  region^  were  determined 
carefully  by  a  subjective  study  of  the  surface  using  a  Nomarski-contrast 
microscope.  The  critical  angle  of  misorientation  which  produces  the 
smoothest  morphology  in  all  cases  studied  is  6®  off  <100>  toward  <111>A 
i.e.  (13,1,1)A  to  (14,1, DA.  The  region  with  smooth  morphology  changes 
shape  over  the  range  of  conditions  studied.  The  strongest  effect  was  in 
Run  12  when  the  arsenic  flux  was  doubled.  This  variation  increased  the 
area  of  the  smooch  region  about  the  critical  angle  and  produced  a  wedge- 
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MISORIENTATION  OFF  THE  (100)  TOWARD  THE  (111)A 
Qo  3«  6“  9°  12° 


SURFACE  MORPHOLOGY  AND  PHOTOLUMINESCENCE  (77K) 


riq.  2.  AlGaAs  grown  by  MBE  on  a  lens  shaped  GaAs  substrate  (growth  con¬ 
ditions  shown)  has  smooth  morphology  only  off  <100>  toward  the 
<111>A,  The  best  PL  is  also  found  in  the  smooth  area  around  6 
miaorientation  toward  the  <111>A. 
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SUMMARY  OF  RbGIONS  WITH  SMOOTH 
MORPHOLOGY 
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Pir.  3.  Comparison  of  smooth  areas  for  different  growth  conditions. 


shaped  smooth  area  that  expands  from  the  center  <  1 00  > -or  ientat  i  on  of  the 
substrate.  There  are  sm..ll  variations  in  the  shapes  of  the  smooth  regions 
of  Runs  1,3  and  4.  It  is  not  clear  whether  these  variations  are 
significant  due  to  the  difficult/  of  precisely  controlling  the  growth 
conditions.  The  77K  photol umirescence  indicates  that  the  best  AlCaAs,  as 
evidenced  hy  band-to-band  emission  is  only  found  in  the  regions  of 
smoothest  morphology.  In  the  case  of  increased  arsenic  flux  the  best  PI.  is 
only  in  the  region  around  the  6°  critical  angle.  Substrate  mi sorientat ion 
by  the  critical  angle  will  result  in  bet ter-gual i ty  AlCaAs  being  grown  at 
lower  temperatures  (620^C  and  650^C).  This  mi sor ientat i on  should  also  lead 
to  improvements  in  the  quality  of  hetero junction  interfaces. 
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ro  Box  88'.  Manchester  M60  IQD,  U.K. 

Abstract  This  work  reports  the  electrical  properties  of  MBE  GaAs  grown 
at  low  temperature.  It  is  demonstrated  that  the  use  of  indium  doping 
increases  the  measured  free  electron  concentration  and  reduces  the 
compensation  ratio.  The  use  of  As^allovs  good  electrical  quality  GaAs 
to  be  grown  down  to  at  0.2  ^m/hour.  Excellent  doping  control  is 

exhibited  down  to  i  x  10’^  cm" ^  and  mobilities  -  2/3  of  that  for  the 
best  MBE  material  are  reported. 

1 .  Introduction 

The  growth  of  high  electrical  and  optical  quality  GaAs  epitaxial  films  is 
well  established,  and  ut^dor  the  most  carefully  controlled  conditions  it  is 
now  possible  to  produce  low-doped  n-type  material  whose  peak  mobility 
approaches  that  obtainable  by  liquid  phase  epitaxy.  For  example.  Moustakas 
(1986)  has  grown  intentionally  silicon-doped  material  with  a  net  free 
electron  concentration  of  9  x  10'^  cm* ^  and  a  55K  Hall  mobility  in  excess 
of  200.000  cm^/vs,  The  production  of  such  high  quality  material  requires 
careiul  attention  to  reducing  the  level  of  background  CO  in  the  MBE  system, 
as  wt'll  as  optimising  the  growth  conditions  of  arsenic  to  gallium  flux 
ratio  and  substrate  temperature.  The  latter  of  these  two  is  typically  in 
the  range  580  to  oOO'-’C  for  a  growth  rate  of  -  1  ^m/hour.  Whilst  these 
substrate  temperatures  cause  no  difficulties  in  the  growth  of  the  majority 
of  structures  based  on  the  GaAs  and  Alj^Ga,.j^As  material  system,  there  are  a 
number  of  important  areas  where  a  reduction  would  be  desirable. 

The  object  of  the  work  described  in  this  paper  was  to  investigate  two 
possible  approaches  to  the  practical  growth  of  acceptable  device  quality 
GaAs  at  lower  substrate  temperatures.  The  first  of  chese  techniques  was 
the  use  of  the  isoelectronic  impurity  indium  introduced  into  the  epilayer 
at  concentrations  in  the  range  0.05  to  0.5  atomic  %;  ^.he  second  was  to 
use  ASj  rather  than  As^. 

A  number  of  investigations  have  been  made  of  the  low  temperature  growth  of 
GaAs,  Wood  et  al  (1978)  found  that  below  500*^0  the  material  became 
increasingly  resistive  owing  to  the  presence  of  compensating  defects.  Good 
crystal  quality  epilayers  -  as  judged  from  the  RED  pattern  during  growth  - 
have  been  grown  at  temperatures  as  low  as  260°C,  whilst  at  even  lower 
temperatures  (~  90°C)  the  surfaces  remained  smooth  but  showed  no 

reconstruction  (Neave  et  al  1978).  A  more  detailed  study  of  the  electrical 
and  photoluminescence  properties  has  been  made  by  Metze  et  al  (1983).  They 
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demons Crated  Chat  a  dramatic  Increase  In  the  film  properties  could  be 
achieved  by  reducing  the  growth  rate.  For  example,  they  found  that  for 
material  doped  to  -  1  x  lO'^cm'^,  a  reduction  In  growth  rate  to  0.2/uii/hour 
allowed  the  substrate  temperature  Co  be  reduced  to  4S0°C,  whilst  at 
0.02/aii/hour,  -  lO'^cm"’  material  could  be  grown  at  380“C.  These 
measurements  were  made  using  As^  and  silicon  as  the  n-type  dopant.  More 
recently  a  technique  entitled  Migration- Enhanced  Epitaxy  (MEE)  has  been 
demonstrated  (1986)  In  which  the  Incident  beams  are  interrupted  at 
approximately  the  monolayer  growth  frequency.  This  has  allowed  material 
with  good  PL  properties  to  be  grown  down  to  200 °C  at  average  growth  rates 
of  0.2/ira/hour.  However,  as  yet  no  electrical  data  on  these  films  have  been 
reported. 

2 .  Experimental 

Growth  was  performed  in  a  MBE  system  based  on  a  Rlber  2300  growth  chamber. 
Conventional  substrate  preparation  techniques  were  used  (Missous  et  al 
1986)  and  elemental  sources  were  used  for  Ca,  In,  As.,  and  Si.  The  arsenic 
dimer  was  generated  from  a  cell  containing  nominally  undoped, 
semi -Insulating  LEG  GaAs .  The  substrate  temperature  during  growth  was 
estimated  from  the  oxide  desorption  temperature  as  determined  by 
observation  of  the  appearance  of  clear  RED  streaks  during  initial  heating 
of  the  substrate  In  an  arsenic  flux.  For  the  substrate  preparation 
procedure  and  heating  rates  used  we  have  determined  this  desorption 
temperature  to  be  580  t  10°C  ;  the  calibration  of  the  substrate  molybdenum 
block  thermocouple  having  been  done  previously  by  observation  of  the  Al-Si 
eutectic  temperature.  After  oxide  desorption  the  substrate  temperature  was 
reduced  by  a  chosen  amount  for  epi layer  growth.  Beam  fluxes  were  measured 
using  a  monitor  ion  gauge.  For  As,,  and  growth  at  580 “C,  the  minimum  As, 
flux  for  arsenic  stable  growth  gave  a  beam  equivalent  pressure  ratio  of  5:1 
(As,:Ga).  We  have  denoted  this  as  a  flux  ratio  (J)  of  1.  Similarly,  the 
minimum  beam  equivalent  pressure  ratio  for  As,  growth  was  2:1  and  the 
equivalent  flux  ratio  for  this  species  has  also  been  denoted  1, 

Assessment  of  the  epilayer  has  been  made  by  conventional  room  temperature 
and  77K  Van  den  Pauw  Hall  measurements  and  by  C-V  profiling  using  the 
Polaron  PN4200  Electrochemical  profiling  system. 

3 .  Results  and  Discussion 

There  were  five  variables  availables  to  us  in  this  work;  indium  doping  or 
no  indium  doping,  Asj  or  As,,  substrate  temperature  during  growth,  group  V 
to  group  III  flux  ratio  and  growth  rate.  The  experimental  evidence  shows 
that  all  these  factors,  singly  or  in  combination,  affect  the  electrical 
properties  of  the  epllayers.  To  systematically  vary  each  parameter  in 
various  combinations  with  the  others  would  generate  a  vast  matrix  of 
samples,  and  consequently  we  have  sought  to  establish  the  trends  by  a 
careful  selection  of  conditions  for  each  growth  run.  At  this  stage  of  the 
work  we  have  decoupled  the  investigations  of  indium  doping  and  the  use  of 
As  j . 

The  results  of  this  work  thus  fall  into  the  following 'two  categories: 

Effect  of  indium  doping 

The  substrate  temperature  was  kept  relatively  high  (540  to  550°C), 
although  below  the  normal  GaAs  growth  temperature  in  order  to 
reduce  indium  re-evaporation.  Only  As,  has  been  used. 


(i) 
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(11)  Effect  of  As, 

For  all  these  epllayers  Che  growth  temperature  was  held  at  an 
estimated  430°C.  Comparisons  were  made  between  layers  grown  under 
nominally  Identical  conditions  apart  from  the  choice  of  group  V 
species.  In  another  series  of  growth  runs  the  effect  of  the  V:III 
flux  ratio  was  Investigated. 

3.1  Indium  doping 


The  most  obvious  effect  of  Indium  doping  was  to  Increase  the  measured  free 
electron  concentration.  This  effect  Is  Illustrated  In  figure  1  which  Is  a 


■T . . 1 

I 
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Profile  of  film  with  alternate 
In  and  non  In- doped  layers. 


C-V  profile  of  an  epitaxial  film  consisting  of  alternate  indium-doped  and 
non  indium-doped  layers.  Apart  from  shuttering  the  indium  source,  all 
conditions  were  kept  constant  throughout  growth.  The  effect  of  the  indium 
was  to  Increase  the  free  electron  concentration  from  8  x  10 to  1  x  10 
cm' ^ .  Ue  have  also  grown  homogeneous  films  both  with  and  without  indium 
doping  on  semi- Insulating  substrates  for  Hall  analysis.  The  results  are 
shown  in  table  1  and  it  can  be  seen  that  even  though  the  free  electron 
concentration  is  higher  in  the  indium-doped  layer,  the  mobility  (at  both 
300  and  77K)  is  also  higher,  indicating  a  substantial  decrease  in  the 
compensation  ratio. 


n 

n 

300 

300 

7  7 

-  3 

cm 

cra^/V. s 

-  3 

cm 

OaAs 

6460 

GaAs(In) 

16,730 


Nd^N 

Nd-n 


1.9 


A 

A 


17,100 


1.4 


l8bl£-l 

We  have  also  reported  (Missous  et  al  1986b)  an  increase  in  the  excitonlc 
PL  intensity  and  reductions  in  the  deep  level  concentrations  measured  by 
DLTS.  The  increase  in  free  electron  concentration  was  observed  for  doping 
from  10’®  to  -  7  X  10’®  cm'®  ;  the  percentage  increase  being  similar 
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over  the  entire  range.  This  observation  precludes  two  possibilities: 
first,  that  any  observed  increase  in  free  electron  concentration  is  simply 
caused  by  an  additional  dopant  being  present  in  the  Indium  source,  or 
second,  that  the  indium  reduces  the  concentration  of  some  compensating  deep 
levels.  If  either  of  these  effects  were  dominant  the  Increase  In  the 
observed  free  electron  concentration  would  be  constant,  rather  than  being 
proportional  to  the  doping  level  as  we  observed.  Instead,  the  magnitude  of 
the  effect  must  be  related  to  the  silicon  concentration,  and  this  suggests 
that  the  indium  brings  about  a  reduction  in  the  amphoteric  nature  of  the 
dopant.  Bytova  et  al  (1982)  have  suggested  that  as  the  tetrahedral  radius 
of  indium  is  greater  than  gallium,  the  strain  introduced  In  the  lattice 
changes  the  ratio  of  gallium  to  arsenic  vacancies.  Clearly,  any  reduction 
in  the  concentration  of  arsenic  vacancies  relative  to  gallium  will  Increase 
the  tendency  for  the  silicon  atoms  to  occupy  gallium  sites,  leading  to  an 
Increase  in  free  electron  concentration 

3 . 2  Non  indium-dooed  low  temperature  growth. 

The  starting  point  for  these  measurements  was  the  data  of  Metz  et  al 
(1983).  We  have  grown  a  series  of  three  samples  using  As„  and  growth  rates 
between  0.25  and  0 . 12*<m,/hour.  The  As„:Ga  flux  ratio  was  -  1  for  all  the 
layers,  and  the  substrate  temperature  was  430°C.  Figure  2  shows  the 
electrochemical  C-V  profile  for  '>  layer  grown  at  0.2pm/hour.  It  can  be 
seen  chat  whilst  it  was  possib  to  dope  at  -  1.2  x  10’ ^  and  only  just 
possible  to  dope  at  4  x  10' the  lower  doped  (target  was  5  x  10'®)  layer 
is  heavily  compensated.  Similar  results  were  obtained  from  the  layer 
grown  at  0 . 12*ira/hour .  According  to  the  data  shown  in  Figure  3  of  Metre  et 
al  (1983),  the  maximum  growth  rate  for  a  substrate  temperature  of  430^0  is 
-  0 . 12>im/hour .  However,  that  figure  should  be  used  with  caution  as  it  is  a 
compilation  of  data  from  epilayers  grown  in  the  range  2  x  10'®  to  2  x  10'® 
cm"®.  It  is  clear  from  our  results  that  for  a  given  growth  rata  the 
transition  temperature  between  growth  of  electrically  active  and  non-active 
layers  is  dependent  on  the  level  of  intentional  doping.  Taking  this  into 
account  and  remembering  that  the  transition  is  very  sharp,  the  results  from 
our  measurements  are  in  reasonable  agreement  with  those  of  Metre  et  al 
(1983) . 


Fie . 2  GaAs  grown  at  430°C  Fig. 3  GaAs  grown  at  AlO'C 

with  As 4  and  J  -  1  with  As ,  and  J  -  1 


The  effect  of  switching  to  the  use  of  ASj  is  illustrated  by  the  profile 
shown  in  Figure  3.  This  shows  a  layer  grown  under  identical  conditions  to 
that  in  Figure  2  apart  from  the  choice  of  arsenic  species.  The  target 
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doping  of  -  I  X  1C’*  is  easily  achieved  and  taking  account  of  the  thermal 
response  of  the  silicon  source  and  Debye  smearing  effects,  the  required 
profile  is  closely  followed. 

As  with  As^,  we  have  found  the  electrical  quality  using  As  ^  also  to  be 
dependent  on  the  V  to  III  flux  ratio.  This  is  illustrated  by  the  profile 
(Figure  4).  This  film  was  grown  under  identical  conditions  to  that  in 
Figure  3  apart  from  the  arsenic : gallium  flux  ratio  which  was  3.8  compared 
to  ~  1  and  the  target  doping  which  was  increased  to  5  x  10’*.  Even  at 
this  increased  doping  level  the  layer  is  seen  to  be  heavily  compensated. 
We  have  also  prepared  films  with  different  flux  ratios  on  semi- insulating 
substrates  for  Hall  analysis .  The  results  are  shown  in  table  2 _ 


J(As,:Ga) 

Tsub(°C)  1 

n,  ,(cm' p  , 

,(cm^/v,s)  1 

3-8 

430 

7.3  X  10'6 

2600  1 

! 

!  430 

6.8  X  10' 6 

4000  1 

Table  2 


Like  the  other  layers  these  were  grown  at  430*^0  using  ASj  and  with  flux 
ratios  of  3.8  and  i.l.  The  improved  mobility  of  the  layer  grown  with  the 
lower  flux  ratio  again  points  to  the  importance  of  this  parameter.  The 
mobility  of  8  x  10’*  cm*^  GaAs  grown  under  conventional  conditions  is 
typically  6000  cra^/Vs,  so  whilst  our  best  low  temperature  growth  layers 
fall  short  of  this  figure,  the  material  quality  is  nevertheless  adequate 
for  a  number  of  device  applications. 

Additional  evidence  of  the  electrical  quality  of  the  layers  can  be  obtained 
from  the  I-V  characteristics  of  Schottky  diodes  formed  on  the  material. 
The  ideality  of  the  contact  is  sensitive  to  the  presence  of  deep  levels  in 
the  semiconductor  which  can  give  rise  to  space  charge  recombination/ 
generation  current.  This  effect  is  shown  in  the  log  1  vs.  V 
characteristics  in  figure  5.  Both  devices  exhibit  good  logarithmic 
behaviour,  but  it  is  clear  that  the  ideality  of  the  layer  grown  using  As^ 
(n  -  1,22)  is  considerably  worse  than  that  using  As  ^  (n  -  1.04).  The 
reverse  current  at  -IV  is  also  about  100  x  greater  in  the  As^  grown  device. 


Fig. 4  GaAs  grown  at  ^30®C 
with  hs ..  and  J  *  3.8 


with  As,  and  As 
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emerges  from  our  results.  A  significant  reduction  in  the  deep  level 
concentrations  are  observed  in  DLTS,  and  PL  has  shown  an  Increase  in  the 
intensity  of  near  band  edge  excitonic  features.  These  results  will  be 
published  in  more  detail  shortly. 

Neave  et  al  (1980)  have  reported  a  reduction  in  trap  concentrations  by 
using  As 2  for  GaAs  grown  at  conventional  temperatures.  They  proposed  that 
the  simpler  surface  chemistry  involved  when  using  the  dimer  leads  to  fewer 
vacancies  being  Incorporated  owing  to  the  higher  steady-state  arsenic 
surface  coverage.  Our  results  support  their  observation  and  demonstrate 
that  the  beneficial  effect  of  As^  is  even  more  Important  at  lower  growth 
temperatures . 

4 .  Conclusions 

The  use  of  the  isoelectronic  dopant  indium  at  concentrations  in  the  range 
0.05  to  0.5  at.%  has  been  shown  to  improve  the  electrical  quality  of  GaAs 
grown  at  540-550°C.  Apart  from  a  reduction  in  the  trap  concentration  and 
increase  in  the  exciton-related  PL  intensity,  the  Indium  also  brings  about 
-  25%  increase  in  the  free  electron  concentration  and  reduces  the 

compensation  ratio  from  -  2  to  1.4.  We  suggest  that  the  most  important 
role  of  the  indium  Is  to  modify  the  vacancy  concentration  in  the  material, 
thus  reducing  the  amphoteric  nature  of  the  silicon  dopant. 

Growth  at  lower  temperatures  (430"^)  Is  shown  to  be  possible  by  the  use  of 
As^  Although  the  electrical  quality  is  Inferior  to  the  best  MBE  GaAs 
growTj  at  higher  temperatures,  by  careful  control  of  the  flux  ratio  we  have 
been  able  to  grow  layers  with  controllable  doping  down  to  1  x  10^ ^  ^nd  with 
Hall  mobilities  of  -  2/3  of  the  best  reported  values.  An  important 
practical  point  is  that  the  procedures  we  have  adopted  do  not  require 
unrealistically  low  growth  rates,  nor.  as  in  Migration  Enhanced  Epitaxy 
(Horikoshi  et  al  1986).  many  thousands  of  shutter  operations  per  micron  of 
growth . 
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Atomic  layer  epitaxy  c  f  111  -  V  compounds  by  hydride  VPE 
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Fundamental  Research  Laboratories.,  NKF  Corpora! ion , 

1-1,  Miyazaki  d-chome,  Miyamae-ku,  Kawasaki,  Kanagawn  .'r?,  Japan 

Abstract.  Atomic  layer  epitaxy ( ALE  1  oE  III-V  compound  semiconduotofs 
InAs,  InP,  GaP  and  InGaP  is  carried  out  by  the  chlorid'’  AIK  method.  1* 
is  confirmed  that  the  growth  is  indeed  digital,  i.e,  grewr, 

thickness  per  ALE  cycle  is  almost  equal  to  the  monolayer  ‘tiickriesn  an.il 
is  nearly  independent  of  growth  conditions.  A  Langmuir  type  adsorption 
model  for  chloride  gases  is  employed  to  discuss  the  nechanisr.  of  t!,,. 
digital  epitaxy  and  the  growth  under  mixed  chloride  gan  conditions. 
The  method  is  also  applied  to  ttie  growth  of  'laAs/'Ial'o 
heterostructures . 

1.  INTRODUCTION 

Recently,  in  the  growth  of  III-V  compound  semicondvictors,  I'omic  1  oyo.. 
epitaxy(ALE)  (Suntola  et  al ,  19801  has  been  introduced  as  a  new  ni’thud  L\ 

control  grown  thickness  with  one  monolayer  accur.acy  and  t.i  m  ik" 
heterostructures  with  very  abrupt  interfacesiNistii  nawa  et  ui  .  ’ 'V-u  _ 

Bedair  et  al.  198b,  Doi  et  al,  19861,  In  tiie  conventional  MPF ,  MdOt'K  and 
VPE  methods,  these  conditions  have  been  realized  by  •‘iir-  accurate 
control  of  growth  time,  flow  rates  and  temperatures.  In  contrast,  *Le  AI.K 
can  achieve  layer-by-layer  growth  without  such  a  fine  control  of  .’r'lwt'-. 
conditions.  We  have  already  reported  the  AI.K  of  GaAs  using  dan  and  AsH. 
over  a  wide  range  of  GaCl  partial  pressure  and  growth  terperatupr.si  n.;uf 
and  Sunakawa  1986).  It  was  shown  that  the  grown  thickness  per  ope  A! i 
cycle  is  approximately  equal  to  the  monolayer  thickness  and  the  to*-,! 
grown  thickness  depends  solely  on  GaCl  adsorption  cycles.  Tin:-,  'yiv  of 
growth  is  called  a  digital  epitaxy,  because  no  analogue  p jt'.anet ors  s  is', 
as  mentioned  above  need  be  controlled  precisely iWatanabe  and  !'5;ui  ! W 
In  the  chloride  ALE  method  we  used,  it  was  possible  to  r'-aUcc  digi'al 
epitaxy  of  GaAs  over  a  wider  range  of  growth  conditions  tlian  th,.-  Mo-aLK 
methods  so  far  reported.  This  is  perhaps  because  the  chloride  AI.K  growJi 
involves  only  a  Langmuir  type  adsorption  of  GaCl  in  contrast  ‘n  tlie 
ALE  growth  where  dissociation  reactions  of  hydrocarbons  Isucti  as  -eMiyi 
group)  take  place  together  with  adsorption.  This  is  an  .idvantage  of  the 
present  method. 

In  the  present  paper,  the  chloride  ALE  is  widely  applied, to  the  growth  of 
III-V  compound  semiconductors  other  than  GaAs  such  as  InF,  InAs,  GaP  .imi 
InGaP.  We  show  here  that  the  digital  epitaxy  has  been  oonfirned  on  t  her,,, 
materials  and  that  the  growth  can  be  well  understood  by  the  I.angrmir 
type  adsorption  model.  Furthermore,  we  report  on  the  growth  of  GaAs /'lafe 
heterostructures  and  the  incorporation  mechanism  oF  seleniur-  and  the 
electrical  properties  of  grown  layers. 

2.  EXPERIMENTAL 
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The  reactor  used  was  a  horizontal  multi-chamber  reactor  as  previously 
reported (Usui  and  Sunakawa  1986).  This  reactor  has  a  high-temperature 
source  zone  containing  In  and  Ha  source  metals,  and  a  low-temperature 
substrate  zone.  HCl  gas  supplied  from  upstream  reacts  with  the  metal 
sources  producing  GaCl  or  InCl ,  which  in  turn  is  carried  with  H-  to  the 
substrate  zone  kept  at  the  atmospheric  pressure.  AsH^,  PH^  and  R  were 
supplied  to  another  chamber  and  the  substrate  holder  was  switched  between 
the  two  chambers  automatically.  The  substrate  was  exposed  to  GaCl  for  6 
seconds  and  to  As^  for  10  seconds  alternatively.  One  ALE  cycle, 
consisting  of  a  single  round  of  gas  exposure,  purge  of  AsH  or  PH^  and 
substrate  transfer,  completed  it'.  seconds.  The  AsH  or  PH^  flow  was 
suspended  during  the  substrate  transfer  to  prevent  the  extraneous 
deposition  on  the  substrate.  The  above  cycle  was  repeated  ^^'00  times 
typically.  The  growth  temperature  and  the  metal  source  temperature  w^re 
and  750®C,  respectively  unless  stated  otherwise. 


3.  RESULTS  AND  DISCUSSIONS 

Figure  1  shows  the 
relationship  between  the  MCI 
gas  partial  pressure  over  In 
and  Ga  source  metals,  and  tlie 
growth  rate  of  IIT-V  compound 
semiconductors  by  the  present 
method.  Monolayer  thicknessey 
for  those  materials,  which 
are  indicat'^d  in 
ordinate,  are  3,^'''^  X, 

X,  .’.'i:?  X,  X  nnrt  .\73  X 

for  InAsdOOl,  '.nAsdll), 

InPdOD),  GnAsdopl  :ind 
Gap  (  ) ,  rcsp'^c  t  i  vely .  The 

HCl  gas  partial  pr«^surc  wc^s 
varied  from  4x10”  to  10 
The  growth  rates  of  these 
layers  were  found  to  agree 
well  with  calcxilated 

monolayer  thicknesses  aral 
were  almost  independent  i->r 
accuracy  of  the  measurement ^> ( +  ‘v-j,  <  xcf‘pt  ♦ht'  growth  of  Gap  for  lower 

RCl  partial  pressure.  All  obtaineci  ^;ur^aces  were  c->npletoty  mii'ror-l  ike 
free  from  any  surface  defects  a.s  in  the  c.aso  of  GaAs  previously 
reported  ( Usui  and  Sun.akaw.a  I'^Bb  i .  Thus  we  h.ave  confirmed  *t^.at  digital 
epitaxy  can  be  successfully  applied  t<-»  In-containing  or  P-containing 
materials  as  well.  To  re.jlize  digital  epitaxy,  monolayer  adsorption  of 
ilaCl  and  InCl  should  take  plac"  on  the  growing  surface,  Sacti  monolayer 
adsorption  of  adsorbates  can  be  well  understood  by  a  I.angmuir  type 
adsorption  mechanism.  The  is<>tViermal  eq\jation  of  t  lie  Langmuir  adsorption 
is  simply  expressed  as  9  Kp/tl+Kp)  ( ©:  coverage  K:  adsorption 

equilibrium  constant  ).  This  equation  indicates  that  9  is  nearly  equal  to 
unity  when  KpafrI,  l.e,  ttio  amount  of  adsorption  hardly  depc^nds  on  the 
partial  pressure  of  adsorbates  and  the  temperature.  The  condition  Kp»l 
is  considered  to  be  applicable  to  the  present  system  for  a  wide  rang*^  of 
growth  conditions.  Ttie  validity  of  this  assumption  will  be  discussed 
elsewhere^Wratanabe  and  Usui  1986). 


Kir.  1  Growth  rate  dependence  on  th<'  HCl 
par'ti.a!  pressure  »o  tpanspert  C»a  or  Fn 
f'C  various  IFI-V  ('onpoiu.fis.  The  values 
if-;  the  ordinate  represetjt  mon<.ilayer 
M.i (’ki'csscs  for  t  tu'sc  materials, 

the  Hfi  jjas  partial  pressur*'  within  Ihe 


The  l.angnui 
experimen tal 
the  I  nr  Al,r 


r  type  adsorption  model  was  found  to  explain  well  another 
results  when  two  adsorbates  exist  in  the  same  gas  phase.  In 
on  Tnr(ino),  it  was  found  that  addition  of  free-HCl  to  InCl 
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resulted  in  a  renarkable  decrease  in  the  |?rown  thickness.  Closed  circles 
in  Figure  2  show  grown  thicknesses  normalized  by  the  thickness  without 
free-HCl  3.0  X.  This  value  was  approximately  identical  to  the  monolayer 
thickness.  By  adding  b%  of  free-HCl,  the  grown  thickness  decreased  to 
about  1/3  and  with  20%  of  free— HCl ,  practically  no  growth  was  observed. 
These  results  can  be  well  understood  by  a  Langmuir  type  competitive 
adsorption  model  for  nixed  gases  as  follows.  By  Markham-Benton  equation, 
the  adsorbate  concentration  of  species  i  can  be  written  in  the  form 

v.-bK.p./(l+  SK.p.) 

where  b  is  the  saturation^adsorfeate  co^c^n^ration,  K.  and 
adsorption  equilibrium  constant  and  the  partial  pressure 


the 

of  species 


p .  are 


i , respectively.  Applying  this  equation  to  the  present  system,  we  obtain 


Using  X  and  Y  definec 


''HrU''’lnCn'’HCl’ 


by  '^he  relation 

T.  UnCl'^'''lnCgVl''  y'P- 

These  equations  can  be  rewrirren  as 

1/(I-X)..(1-K  /K  )(l/y) 

Here  y  denotes  the  ratio  of  HCl  to  the  total  chlorides.  Furthermore,  x  is 
eqiial  to  the  surface  coverage  of  InCl  if  we  assume  that  the  adsorption 
sites  are  occi’pied  by  either  InCl  or  HCKi.e.  no  vacant  site).  The  solid 
lines  in  Fig, 2  present  calculated  x  as  a  function  of  y  for  several 
different  values  of  the  parameter  curve  can  be  best 

fi’^ted  to  the  experimental  results  wRen  K  0,02.  A  similar 

comparison  was  made  on  the  ALK  of  OaAs.  Substrates  used  in  the  growth 
were  (lOOUiaAs  and  the  growth  temperature  was  450  °C,  In  Fig, 3, 
experimental  results  are  shown  It^gether  with  the  curves  calculated 
assuming  nixed  adsorption  of  GaCl  and  HD.  In  the  case  of  OaAs,  the 
effect  of  free-HCl  on  the  growtli  w<as  found  to  be  very  small  in  contrast 
the  case  of  InP  and  was  almost  negligible  for  y<0,9.  The  value  of 
gives  the  best  fit  was  as  high  as  120.  These  results 
indicate  that  the  he.a^  of  adsorptiontq^^  1  of  GaCl  molecules  on  an  As 
surface  is  considerably  larger  than  tK<at  of  HCl  while  is  fairly 

smaller  on  a  P  surface,  Since  ♦:he  heat  of  adsorption  is  a  measure  of  the 
binding  energy  between  the  adsorbate  and  underlying  atoms,  the  bond 
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between  In  and  P  is  considered  to  be  much  weaker  than  between  Ga  and  As. 
Actually,  InP  has  a  relatively  large  dissociation  pressure  among  the  III- 
V  compounds  at  the  present  growth  temperature.  In  any  case,  these  results 
strongly  support  that  the  adsorption  process  in  the  present  system  is  of 
the  Langmuir  type. 

Now  let  us  discuss  our  preliminary  result  of  the  ALE  growth  of  InGaP. 
Both  of  GaCl  and  InCl  were  supplied  simultaneously  in  the  present  growth. 
The  substrates  were  GaAs(lOO)  and  the  grgwth  temperature  was  450°C.  The 
partial  pressure  of  PH^  was  2.1x10  .  As  for  the  GaCl  to  InCl 

ratio  p  rr^^^raCl^^InCl ^  phase,  two  different  values  0,17 

and  0,077  were  adopted-.  Microphotographs  of  grown  surfaces  are  shown  in 
Fii..4  Together  with  that  of  the  conventional  hydride  VPE  InGaP  grown  at 
uuo  Of,  ^he  case  of  the  conventional  method,  the  surface  obtained 

roveal.'d  very  rough  morphology  as  shown  in  Fig.  4(c).  Furthermore,  the 
width  of  the  x-ray  rocking  curve  was  greater  than  1000  seconds 
lU  hough,  the  lattice-mismatch(^a/,'  )  was  approximately  as  low  as  3x10  , 

ind  the  peak  intensity  was  also  very  weak  in  spite  of  relatively  large 
layer  ♦■hickness ( t-T^, 4  pm).  In  contrast,  completely  mirror-like  surfaces 
wer'-*  obtained  by  the  present  method  as  shown  in  Fig. 4(a).  When  the  GaCl 
InCl  ratio  was  0.1^,  line-hatched  patterns  due  to  the  large  lattice- 
"'iumn  +  ch(<4a/a^- were  observed  as  shown  in  Fig.  4(b).  Thus,  in  the 
AIK,  InGaP  growth  is  possible  even  at  low  temperatures  as  low  as  450  ®C, 
whic!-.  Il'  ♦he  lowest  temperature  so  far  reported  in  the  InGaP  epitaxial 
ci’owt;,.  T!;o  grown  thickness  of  the  layer  in  Fig.  4(a)  was  about  840  %, 

Pividing  by  (-he  ALE  cycle  300,  the  growth  rate  of  2.8  X/ALE  cycle  is 
:'hrain'''l.  This  is  consistent  with  the  monolayer  thickness  of  In^  5^' 

Accordi’U’ly ,  the  monolayer  adsorption  of  the  Langmuir  type  is  considered 
take  place  in  this  case  as  well.  The 
alloy  composition  is  determined  by  the 
competitive  adsorption  of  GaCl  and  InCl. 

The  r.'u-'t  M'.at  even  n  small  OnCl  fraction 
•'!'  '.r^  in  ♦•he  gas  phase  resulted  in  a 

:\i‘h^*r  lao:e  Ga  fraction  of  0.75  in  the 
aoiid  pfiase  nay  be  attribtited  to  the 
sti’ong  adsorption  of  GaCl  on  the  growing 
a  .cface  ns  compared  to  the  InCl 
idcorp  t.  ion . 


In  the  ALK  of  GaAs,  since  arsenic 
'■\;Lecules  such  as  As^  and  As^  have  very 
big!,  vapor  pressures,  the  incorporation 
into  the  crystal  is  considered  to  be 
governed  by  the  Eley-Rideal  surface 
pro'-'ess,  in  which  Ga-As  bonds  are  formed 
by  ♦ he  reaction  between  adsorbed  GaCl  and 
■  :io  arsenic  gas.  We  intr’oduced  H^Se, 
will  eh  easily  decomposes  to  Se  and  at 

’l.e  present  growth  temperature,  into  the 
reactor  instead  of  AsH  ,  It  is  known  that 
makes  a  bond  with  Ga  to  form  gallium 
Sflenides  s\ich  as  GaSe ,  Ga^Se^  and  Ga^Se. 
This  indicates  that  selenium 

incorporation  also  obeys  the  Eley-Rideal 
{>roces;;,  Gelenium  is  also  an  n-type 
dopant  in  ITT-V  compound  semiconductors . 
The  r’'owth  procedure  was  as  follows; 
f'irst,  on  the  GaAs  substrate,  nine  layers 
of  GaAs  were  grown,  then,  the  source  gas 


Fig.  4  Microphotographs  of 
InGaP  as-grown  layers: (a) 
nearly  lattice-matched  ALE 
InGaP,  (b)  latiice- 
mismatched(  Aa/a  =*-1.8x10  )  ALE 
InGaP,  (c)  conventional  VPE 
InGaP  grown  at  550 OC. 
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in  the  AsH^  chamber  was  switched  from  AsM^  to  H  Se  whose  partial  prcssvire 
was  4x10-4.  After  exposure  to  GaCl,  the  substrate  was  carried  into  a  h  Se 
atmosphere.  The  exposure  time  to  H^Se  was  identical  to  that  of  AsH^. 
After  that,  nine  GaAs  layers  were  again  grown  and  the  whole  cycle  was 
repeated  20  times.  In  this  experiment,  (100),  (lll)A  and  (lll)B 
substrates  were  used.  Figure  5  shows  the  dependence  of  selenium 
concentration  from  the  SIMS  measurements  on  the  growth  temperature  for 
(100)  and  (lll)B  substrates.  The  growth  temperature  was  varied  from  3S0°C 
to  550  °C.  The  concentrations  were  calibrated  using  ^ntensity 

obtained  from  conventional  VPE-grown  Se-doped  (n=1.8xl0  cm  )  GaAs, 
assuming  that  all  of  the  incorporated  Se  act  as  donors.  The  selenium 
concentration  increased  rapidly  with  decg^asing  growth  temperature  and 
the  maximum  value  was  on  the  order  of  10  cm  ,  Although  the  selenium 
concentration  for  (lll)B  is  much  larger  than  for  (100)  surface,  both 
exhibit  almost  the  same  tendency.  If  we  assume  that  exactly  one  Se  layer 
is  formed  and  replaces  an  As^jlane^in  the  pr  ‘sent  structure,  the  Se 

concentration  should  be  2.2x10  cm  ' .  The  experimental  results  are  in 
good  agreement  with  this  valxie  for  lower  growth  temperature.  This 

suggests  that  selenium  is  actually  Incorporated  in  the  form  of 

monolayers,  but  further  investigations  should  be  carried  out  to  estal^lish 
this  point.  X-ray  rocking  curve  revealed  lattice-mism.stch  of  5,5x10  “  for 
the  sample  grown  on  (lOO)GaAs  substrate  at  350^.  However,  no  surface 
morphology  such  as  hillock,  pit  or  hatched-pattern  due  to  the  lattice- 
mismatch  was  observed  and  a  completely  mirror-like  surface  was 

obtained. 

The  carrier  concentration  was  measured  by  the  van  dor  Pauw  method  on 
those  samples.  The  growth  temperature  dependence  of  the  carrier 
concentration  for  various  samples  is  shown  in  Fig.  6.  The  carrier 
concentration  has  a  peak  at  arovind  450°r  for  (lOOl  and  (lll)A  samplo^^ 
The^  highest  value  was  obtained  for  illDk  and  was  as  high  as  1.4x10 
cm  The  carrier  concentrations  of  r»aAs(100)  samples  were  slightly  below 
those  of  (lll)A.  The  carrier  concentt'ation  decreased  drastically  on  both 
sides  of  450^C.  The  decrease  in  the  higher  temperature  side  is  clearly 


Growth  Terrperatire  (*’C) 

Fig.  5  Growth  temperature 

dependence  of  t.he  Se  coneeritrat  irm 
of  GaAs/OnSe  Met  eros t  rue (  urer;  by  t  he 
SIMS  measurements , 


Growth  Temperature  ( ’’C) 

Fig.  0  Growth  temperature 

dependence  of  the  free  carrier 
concentrat ion  of  GaAs/GaSe 

het  erost  met  ures  on  various  planes , 
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related  to  the  reduced  incorporation  of  Se  as  shown  in  Fig. 5.  On  the 
lower  temperature  side,  heavily  incorporated  Se  presumably  forms  gallium 
selenide  layers.  As  a  result,  Se  does  not  work  as  a  donor  in  GaAs  and  the 
carrier  concentration  is  decreased.  In  the  case  of  (lll)B,  carriers  are 
not  generated  up  to  around  550  C  presumably  because  Se  is  incorporated  in 
higher  concentration  than  for  (lOO)GaAs  and  gallium  selenide  layers  may 
be  formed.  At  the  t'^mperature  region  where  selenium  layers  are 
considered  to  be  formed,  obtained  layers  revealed  high-resistive 
characteristics.  To  explain  the  difference  in  the  amount  of 
incorporated  Se  between  substrates  ,  we  propose  a  simple  model.  When  the 
substrate,  after  adsorption  of  GaCl ,  is  exposed  to  H^Se  and  Se  is 
incorporated  into  the  As  sites,  a  Se  atom  is  surrounded  by  three  Ga  atoms 
on  (llDB  surface  while  it  has  only  one  and  two  neighboring  Ga  atoms  on 
(llDA  and  on  (100)  surfaces,  respectively.  This  suggests  that  So  atoms 
on  (lll)B  are  most  stable  and  the  stability  decreases  in  the  order  of 
(100)  and  (lll)A.  The  experimental  results  shown  in  Fig.  5  and  6  can  be 
well  explained  by  this  model.  Thus,  using  the  present  method,  new 
structure  such  as  GaAs/GaSe,  which  are  very  difficult  to  grow  by  the 
conventional  growth  methods,  can  be  readily  grown.  This  is  another 
advantage  of  the  chloride  ALE  growth. 

4.  CONCLUSIONS 

The  atonic  layer  epitaxial  method  using  chlorides  was  applied  to  the 
growth  of  III-V  compound  semiconductors  InAs,  InF,  GaP.  InOaP  was  also 
grown  by  t)ie  present  method  at  a  low  growth  temperature  of  450  °C.  Grown 
thicknesses  per  ALE  cycle  were  found  to  be  almost  identical  to  their 
monolayer  thicknesses  and  the  digital  nature  of  the  epitaxy  was  confirmed 
over  a  wide  range  of  chloride  partial  pressure.  A  Langmuir  type  monolayer 
adso-ption  model  was  employed  to  explain  the  mechanism  of  the  digital 
epitaxy.  The  ALE  growth  of  GaAs  and  InP  layers  under  the  condition  of 
simultaneous  existence  of  HCl  and  GaCl  or  InCl  was  also  discussed.  The 
obtained  results  also  strongly  support  that  the  adsorption  of  chlorides 
is  of  the  Langmuir  type.  Furthermore,  it  was  shown  that  Se  pianos  can  be 
inserted  during  the  growth  of  GaAs  by  supplying  "pSe  instead  of  AsH^. 
These  results  indicate  that  the  present  technique  has  a  wide  range  of 
applications  in  the  growth  of  various  new  materials  and  structures. 
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North  Carolina  State  I  niversity 
Raleigh,  NC  27695-7911 

Abstract.  The  growth  of  Ga.\s.  In.\s  and  In^Caj  ^.\s  (0<x<.l3)  by  atomic  layer 
epitaxy  is  reported  along  with  the  presence  of  a  self-limiting  mechanisn!  which 
controls  the  deposition  to  one  tnonolayer  per  cycle  over  a  wide  range  of  growth 
conditions.  [n,\.s/Cia.\s  single-quanliiiii-well  structures  with  well  widths  of  2  and 
I  monola>ers  exhibit  intense  luinitiescettce  with  very  narrow  littewidths  of  12  and 
17  me\'  respectively 

1.  Introduction 

In  the  past  year  or  two,  there  have  been  a  number  of  reports  of  Ill  -V  .semiconductor 
growth  techniques  which  may  conveniently,  if  somewhat  inaccurately  be  listed 
under  the  name  atomic  layer  epitaxy  (ALEiiNishizawa  1985,  Usui  1985,  Kobayashi 
1985  and  Tischler  19851.  Although  they  do  not  all  conform  to  the  ideal  ALE  mode 
lone  monolayer  deposited  per  cycle  (Goodman  1986n,  they  do  have  in  common  the 
fact  that  some  variable  of  the  growth  proce.ss  is  cycled  and  the  film  thickness  then 
becomes  dependent  on  the  growth  per  cycle  and  not  a  growth  rate  as  in  conven¬ 
tional  growth  techniques.  In  this  paper,  the  growth  of  GaAs,  InAs  and  In^Ga,  ^As 
(0<x<,43l  is  described.  A  self-limiting  mechanism  is  present  which  limits  the 
deposition  to  one  monolayer  per  cycle.  A  model  is  presented  to  explain  this  self- 
limiting  mechanism.  Extremely  thin  InAs/GaAs  single-quantum-well  ISQW) 
heterostructures  grown  by  ALE  are  also  de.scribed.  Photoluminescence  spectra  from 
these  structures  are  intense  with  very  narrow  linewidths  indicating  high  quality 
material  and  sharp  interface.s. 

2.  ALE  of  GaAs.  InAs  and  InGa.Ai 

The  experimental  setup  and  growth  conditions  for  the  M.E  of  GaAs  (Tischler 
1986a),  InAs  and  InGaAs  (Tischler  1986b)  have  been  described  previously.  Basically 
an  atmospheric  pressure  metal-organic  chemical  vapor  deposition  (MOf^VT))  system 
was  modified  by  the  addition  of  a  new  susceptor  and  growth  chamber.  The  growth 
chamber  has  separate  inlet  tubes  for  the  column  III  and  coluMiri  V  species.  The  sub¬ 
strate  is  continuously  rotated  between  the  two  ga.-  sire.iiii'  and  thus  is  alternately 
c  1987  lOP  Publishing  Lid 
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<'X[U)s<il  to  till'  I'oliitiiri  III  :tini  loliiniti  \  -^ixTios,  'I'liis  lyrli-  is  as  desired 

with  one  (  Vi  le  resiilliim  in  the  di  position  o(  one  monolayer  of  mati'rial  (2.83  .X  for 
(ia.Vs),  riitis  the  total  thiekness  is  <i(leriiiin<<l  only  by  the  lattice  constant  of  the 
rn.ileritil  ;tnd  the  nninlier  of  cycli-s.  .\  <y<  le  takes  2,6  seconds  and  each  exposure 
time  is  ahoni  0.3  seconils. 

Figure  I  shows  the  (la.\s  lilrn 
thickness  per  cyile  as  a  fnnc- 
lion  of  'rM(i  flow  (Tischler 
1986:i).  It  is  evident  iliat 
there  is  a  self-limiting 
inechtinisin  present  which 
allows  only  one  monol.ayer  to 
l>e  deposited  independent  of 
the  r\l(l  or  .\sllj  tlnx.  The 
self-limiting  tiiechtinism  is  also 
present  at  growth  tempera¬ 
tures  from  I'tO  to  700  ('  and 
for  snlisirtites  oriented  (100). 

2  towards  <01  1>.  (lUl.X 
and  (111)11.  'rite  snrlaces  of 
till  tliese  layers  were  shiny  .ind 
mirror-like.  The  self  litnittn.g 
mechanism  was  tilso  [tri'sent 
in  the  growth  of  In.Xs  tind 
In/iaj^.Xs  (0<x<.t3) 

(Tischler  1986h),  t'sjtecitilly 
for  layers  with  compositions 
near  tlie  bintiry  etidpoints. 

The  tilm  thickness  per  cycle  is 
somewhat  greater  than  one 
monolayer  (but  less  thtm  two) 
for  .\  .1. 

The  thickness  of  conventiotially  grown  (la.Xs  was  investigated  as  a  function  of  TMG 
tlux  in  the  same  system.  This  was  done  with  and  withotil  rotation  The  TMG  and 
.XsH|  were  introduced  together  into  the  growth  chamber  through  one  inlet  tube,  and 
the  substrate  was  either  held  stationary  in  the  gas  stream  or  rotated  through  the  gas 
stream.  The  rotatioti  scheme  was  the  same  .as  that  used  for  ALK.  In  both  cases,  the 
amount  ileposited  increa.sed  with  the  TMG  Hiix.  This  is  in  contrast  to  the  ALE 
results  where  the  deposition  per  cycle  was  independent  of  the  reaetant  fluxes  and  is 
an  indication  that  .XTE  growth  is  proceeding  by  a  different  mechanism  than  conven¬ 
tional  bulk  MO(  V'l), 

The  effect  of  rotation  rate  was  also  investigated.  This  was  done  in  two  ways.  In  the 
first  case,  the  actual  rotation  rate  was  lengthened  This  was  done  by  changing  the 
pause  lime  between  each  step  of  the  stepping  motor  which  drove  the  rotating  part  of 


TMG  FLOW  (umoles/min) 

Figure  1;  I'hickness  of  Ga.Xs  per  cycle  versus 
'F.Mt.  (low. 

( 100)  Substrates 

•  T^=:630  ('.  ,\sH.|=.')2  pmole/nTm; 

■  T^=  I'dFC.  .\sH.j—  156  pmole/niin; 
s-  T^^  |.50'('.  .\sH,,=  110  pmole/ndn; 

■  T^=630  ('.  .XsH ,=  1 10  ixmole/min; 

'  T^=:700  (',  .\sll.|  =  52  p,mole/min. 

(Ill)  Substrates:  A  =  (lll)A;  11  =  ( 1 1  1  )H 

T^=6:10 C.  .\sll.j=52  p.mole/min 
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the  susceptor.  In  the  second  case,  the  actual  exposure  time  was  lengthened,  but  the 
time  to  rotate  from  one  inlet  lube  to  the  other  wa-s  kept  constant.  This  was  done  by 
brieliy  stopping  the  substrate  under  each  inlet  tube,  .\lmost  all  of  the  layers  were 
partially  hajy  and  this  hazy  area  increased  as  the  exposure  time  was  increased.  In 
the  shiny  areas  of  the  substrate  the  growth  was  still  about  one  monolayer  per  cycle, 
whereas  it  was  larger  (but  generally  less  than  two  monolayers)  in  the  hazy  areas. 
This  non-uniforrnity  may  have  its  origins  in  the  asymmetrical  design  of  the  suscep¬ 
tor.  (lases  are  more  readily  heated  and  trapped  near  the  inside  edge  of  the  sub¬ 
strate.  This  would  result  in  premature  cracking  of  the  T.VKl  and  possibly  deposition 
of  more  than  one  monolayer  per  cycle,  .\dditionally,  as  the  exposure  lime  is 
increased,  the  thermal  boundary  layer  develops  more  fully  allowing  cracking  of  the 
TMG  in  the  gas  phase,  with  the  result  that  greater  than  one  monolayer  per  cycle 
would  be  deposited.  It  is  probable  that  the  exposure-time  window  for  monolayer 
deposition  could  be  opened  some  by  changing  the  design  to  remove  areas  in  which 
gases  can  be  trapped. 


(ia.Vs  was  also  grown  with  a  shorter  exposure  time.  ~  .16  seconds.  The  total  rota¬ 
tion  rate  was  increased  by  reducing  the  pause  time  between  each  step  of  the  step¬ 
ping  motor.  One  rotation  occurred  in  about  1.3  seconds  which  is  about  twice  as  fast 
as  the  normal  rotation  rate,  The  surface  was  shiny  and  the  thickness  was  about  one 
monol.ayer  per  cycle. 

3.  Self-Limiting  Mechanism  and  Growth  .Model 

A  possible  explanation  for  the 
self-limiting  mechanism  may  be 
derived  from  the  growth  condi¬ 
tions  (Tischler  1986a,  1986d), 

Since  the  thermal  boundary 
layer  is  quite  thin,  the  T,V(G 
molecule  may  not  decompose 
until  it  is  clo.se  to,  or  on  the  sub¬ 
strate  surface.  There,  the  TMG 
molecule  can  acquire  enough 
thermal  energy  from  the  sub¬ 
strate  to  partially  of  fully  decom¬ 
pose  or  to  re-evaporate  undisso- 
cialed.  .\t  least  a  coverage  of  one  monolayer  of  chentically  adsorbed  species  on  the 
GaAs  substrate  will  take  place.  It  may  be  that  some  fragment,  or  radical,  of  the 
TMG  molecule  is  what  is  adsorbed  on  the  surface.  A  possible  example  of  this  situa¬ 
tion  is  shown  in  Figure  2.  In  this  case,  the  TMG  radical  is  attach7d  to  the  surface 
where  one  of  the  methyl  radicals  used  to  be.  At  this  point,  the  surface  is  not  GaAs, 
but  is  covered  with  a  layer  of  TMG  species.  It  is  known  that  the  GaAs  surface 
catalyzes  the  decomposition  of  .AsH^  and  PH^  (Leys  1981,  Nishizawa  1983  and 
Stringfellow  1984)  and  there  is  evidence  that  it  also  may  catalyze  the  decomposition 
of  TMG  (.Schlyer  1976).  Thus  while  the  cracking  efficiency  of  TMG  on  the  GaAs 
surface  for  these  temperatures  can  be  fairly  high  (.Nishizawa  1983),  when  the  GaAs 
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F igure  2:  Schematic  of  the  growth  model 
showing  TMG  radicals  adsorbed  on  the  sur¬ 
face. 
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surface  is  covered  with  a  monolayer  of  (ia  species,  the  cracking  efficiency  or  conden¬ 
sation  coefficient  may  then  be  very  small  and  additional  'I’.VK;  molecules  may  then 
re-evaporale  before  they  have  a  chance  to  decompose. 

At  this  point,  there  is  a  monolayer  of  T.\1G  raiiicals  on  the  surface.  W  hiui  this  is 
exposed  to  the  .-VsH.j,  an  exchange  reaction  occurs  between  .\sll.|  and  the  I'MCi  frag¬ 
ment  : 

:f  X 

Ga((’H.j)^(adsorbed)  -  \sllj  ■  (ia,\s(soli<f)  a  x('l!|  e  ^  H., 

with  the  methane  and  hydrogen  liberated  as  a  gas.  This  process  is  repeateil  in  each 
cycle.  AsH.j  is  not  expei  ted  to  cotitinue  to  deposit  on  the  surface  because  of  its  high 
vapor  pressure.  If  the  self-limititig  mechatiism  is  indeed  a  result  of  the  tnolei  ular 
nature  of  the  source.s.  one  might  expect  that  .Aid'  in  a  .\IHIi-type  system  with  ele¬ 
mental  sources  (such  as  (fa  or  As)  would  not  produce  the  same  results.  More  wstrk  is 
needed  to  verify  these  assuiiifrtions. 

■t.  In.As/Ga.As  Single-Ouantutn-Well  Structures 

The  SQVV  structures  were 
grown  on  Ga.As:.''i  sub¬ 
strates.  oriented  (100),  2'' 
towards  <01 1>.  .A  1  p.m 
thick  GaAs  buffer  layer  was 
grown  by  conventional 
.\10(fVD;  that  is,  with  tlu 
■AsHj  and  TMG  arriving 
simultaneously'  at  the  sub¬ 
strate.  The  GaAs  confining 
layers  and  the  In.As  wells 
were  giown  by  .ALK.  The 
details  of  the  ALE  growth 
process  have  been  previously 
reported  (Tischler  iC86r). 

To  ensure  that  the  InAs  was 
deposited  pseudomorph'cally 
(elastically  strained),  the 
well  widths  were  kept  below 
the  critical  thickness  for 
the  onset  of  dislocation  gen¬ 
eration  (Matthews  1971). 

For  this  large  lattice 
mismatch  (~  7.4%),  h^  is 
about  20  A.  The  single  quantum  wells  were  characterized  by  photoluminescence 
(PL)  spectroscopy  at  19  K.  The  PL  spectra  is  very  sensitive  to  material  and  inter¬ 
face  quality  (Welch  198, '1  and  198.b.  Tsang  1986).  High  quality  .SQW's  typically 


Wavelength  (nm) 

Figure  3:  Photoluminescence  ‘jpectra  for  the  2 
and  A  cycle  single  quantum  wells.  The  integer 
next  to  each  spectra  corresponds  to  the  number 
of  In/\s  monolayers  in  the  well. 
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rxliibit  sharp,  intense  peaks  ( I )i-ve;unl  Ittt'l.  Ohta  lOHfianil  Tsans  1()8(>). 

I'he  spectra  lor  tlie  anil  t  eyele  wells 
{eorrespoiuiini;  to  (i.H  anil  18.1  -X  (  Xs.ii 
lt)8il)}  are  shown  in  Kienre  8.  The 
Inniineseenee  is  strona  with  very  narrow 
spectral  widths,  inilieatlns*  toe  hi'^h 
ipiality  of  the  material  anil  the  inler- 
I'aees.  '{'he  well  thicknesses  are  ealcii- 
hiteil  front  the  crow  tit  per  eyele  meas¬ 
ured  oit  thieker  s.itttples  |I70  ,X  to  0.81 
pin)  itsins  tr.itisttiission  electron  micros¬ 
copy.  'I'he  fnll  width  at  Indf  tnaxiinnm 
(KXVllM)  of  the  spectra  are  IJ  and  17 
nteX'  ifor  the  atid  1  cycle  wells  respec¬ 
tively).  These  are  showtt  iti  I'iaiire  I 
which  is  a  plot  of  the  I’l.  I'U'll.Xl  versim 
Well  width,  width.  .Xlso  listed  are  dat.i 
for  SQW's  itt  ttititiy  dilleretit  ttititerial 
systeitis  growti  hy  ntolecular  hetim  epi¬ 
taxy  (MHI'i).  MOeX’D  atnl  chemictil 
hetitti  epitaxy  ((  lili).  It  can  he  seeti 
tluit  the  .M.l'.  resttlts  tire  tintonsi  the  nar¬ 
rowest  reported  for  such  thin  ,8(2\X  s  in 
this  or  other  material  systetns. 

.X  second,  ideiitictd  'J  cycle  SQXX'  stnic- 
tiire.  arowii  7  months  afti'r  the  first  one. 
lias  ahtiost  identicti!  spectral  charac¬ 
teristics.  I’eak  energies  atnl  l■'VVM.\l  for 
these  two  samples  are  within  8  and  O.o 
ineX  of  each  other,  respectively.  The 
photoliiminescetice  peak  etiergy.  I'XX  MM 
and  photoliiininescence  petik  enersy  vtiriation  across  etieh  stimple  (!..')  hy  l  .,5  cm)  are 
very  iitiifortn  which  indietites  ti  hish  decree  of  control  of  layer  thiektiess  and  inter¬ 
face  ipiality.  The  peak  energy  variation  across  each  sample  is  only  .’>-7  meX  .  These 
results  indicate  that  .Xl.l'l  has  the  ahility  to  produce  thin  uniform  layers,  high  qual¬ 
ity  material  and  sharp  interfaces. 

7).  Coiiclusiotis 

The  .Xld'l  of  (ia.Xs.  ItiAs  and  ln^(;a|^.Xs  (()<x<.l8)  has  hee'i  demonstrated.  .X 
self-limiting  inechaiiism  is  present  which  controls  the  deposition  to  only  one  mono- 
layer  per  cycle  independent  of  the  input  lltixes.  growth  temperature  and  suhstrate 
orientation.  The  deposited  ihirkness  is  found  to  he  more  sensitive  to  the  rotation 
rate.  In.Xs/fiaAs  single-quantuiii-well  structures  grown  hy  Xld'.  show'  photolumines- 
eence  spectra  which  are  intense  with  very  narrow  linewidtfis,  .Xddil ionally  the  I’l, 


QUANTUM  WELL  WIDTH  (nm) 

Kigiire  -f:  I’hotoluminescence  linewidth 
as  a  function  of  well  width. 
k  -ALE  ln.Xs/Ga.\.s  ( lOK.  this  work) 

•  MBE  AI.Xs/GaAs  (2K.  Tsang  1986) 
C  MBE-PLE  AlGaAs/Ga.Xs  (2K. 
Ohta  1986) 

C  MOeXT)  AIGaAs/Ga.Xs  (L’K. 
Deveaiid  1981) 

■  CBE  In  ...(la  ,..Xs/lnP  ('dK. 

.aJ  .■»<  ' 

Tsang  1986). 
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peak  variation  is  very  small  arross  llie  entire  siibstrale.  These  results  indieate  that 
AI.K  has  the  eapability  to  coni rollably  produce  thin  uniform  layers  with  abrupt 
interfaces. 

6.  References 

Asai  H  and  Oe  K  1981?  .1.  .Vppl.  I’hys.  il  'iOo'i 

Deveaud  H.  Kmery  ('homette  .A.  Lambert  H  and  Baudet  .VI  1981  -Appl.  Fhys. 

Lett.  15  1078 

Goodman  ('  and  I’essa  .\1  1981)  .1.  .\ppl.  Phys.  W)  R65 

Kobayashi  .N,  .Vlakimoto  T  an<l  florikoshi  Y  1985  Inst.  Phys.  Coiif.  Ser.  .\o.  79  737 
Ley.s  .VI  and  Veenvliel  II  1981  .1.  ('ryst.  (irowth  55  115 
Matthews  .1  and  Blakeslee  .\  1971  I.  (‘ryst.  Growth  '27  118 
.N'ishizawa  .1  and  Kiirabayashi  T  1983  L  L'lectrochem  .Soc.  130  113 
.Nishizawa  .1.  .Vbe  II  and  Kiirabayashi  T  1985  .1.  Kloctrochem  Soc.  I3'2  1197 
Ohta  K.  Fiinabashi  11.  Sakamoto  T.  .Xakagawa  T.  Kawai  N.  Kojima  T  and 
Kawashiina  .\1  1986  I  Plectron  Mat.  15  97 
Schlyer  D  and  Ring  M  1976  1.  Organometallic  ('hern.  1 11  9 
Stringfellow  G  1981  .1.  (  ryst.  Growth  (ilJ  111 

Tischler  M.  Anderson  .N,  Katsuyama  T  and  Bedair  S  1985  Electronic  Materials 
Conf.  Boulder,  CO  lutie  I9-'21 
Tischler  M  and  Bedair  S  1986a  .Appl.  Phys.  Lett.  1681 
Tischler  M  and  Bedair  S  1986b  .Appl.  Phys.  Lett.  13  '271 
Tischler  M,  Anderson  N  and  Bedair  S  I986<  .Vppl.  Phys.  Lett  \ov. 

Tischler  M  1986d  PhD  thesis  North  Carolina  State  Cniversily 
Tsang  VV  and  Schubert  E  1986  .Appl.  Phys.  Lett.  13  2‘20 
L'sui  .A  and  Sunakawa  H  1985  Inst,  Phys.  Conf.  Ser.  .No.  79  753 
Welch  D,  Wicks  G  and  Eastman  L  1983  .Appl.  Phys.  Lett.  13  76'2 
Welch  D,  Wicks  G  and  Eastman  L  1985  .Appl.  Phys.  Lett.  16  991 


Inst.  Phys.  Conf.  Ser.  Sa  83:  Chapters 

Paper  presented  at  Int.  Symp.  GaAs  and  Related  Compounds,  Las  Vegas,  Nevada,  1986 


141 


Optical  characterization  of  stress  effects  in  GaAs/Si 


S.Zemon,  C.  Jagannath,  E.S.  Koteles,  S.K.  Shastry,  P.  Norris, 

G,  Lambert,  A.N.M.  Choudhury,  and  C.A.  Armiento 

GTE  Laboratories  Incorporated,  40  Sylvan  Road,  Waltham,  MA  02254. 

Abstracr ;  The  dependence  of  the  two  excitonic  features  in  GaAs/Si  on 
external  uniaxial  stress  has  been  found  to  be  in  good  agreement  with 
theory.  A  photoluminescence  (PL)  study  of  layers  of  varying  thickness 
shows  that  the  tensile  stress  is  constant  between  1  and  10  pm.  PL 
measurements  further  indicate  that  the  acceptor  binding  energy  is 
reduced  in  GaAs/Si,  consistent  with  literature  deformation  potentials. 
Rapid  thermal  annealing  is  found  to  cause  a  stress  increase. 

1-  lnt£gduct.lga 

GaAs  grown  directly  on  Si  (GaAs/Si)  is  of  intense  current  interest 
because  of  the  many  device  applications  (Fischer  et  al  1986a,  b  and 
references  therein) .  We  have  found  that  optical  spectra  provide  not  only 
an  insight  into  important  material  properties,  but  also  a  simple  and 
rapid  way  to  characterize  the  material  (Zemon  et  al  1986) .  In  a  recent 
publication  (Zemon  et  al  1986)  the  spectra  have  been  interpreted  in  terms 
of  a  model  in  which  the  light  hole  (mj  *  ±  3/2)  and  heavy  hole  (mj  *  ± 
1/2)  valence  band  degeneracy  has  been  removed  by  the  biaxial  tensile 
stress  generated  by  the  thermal  expansion  mismatch  between  GaAs  and  Si. 

At  4.2  K  the  PL  spectrum  consists  of  four  lines  (Zemon  et  al  1986)  which 
.^re  often  reported  in  the  literature  (Wang  1984,  Metze  et  al  1984, 
Masselink  et  al  1984,  Fischer  et  al  1985,  Duncan  et  al  1986)  .  We  have 
identified  the  two  higher  energy  lines  as  the  heavy-  and  light-hole 
exciton  features.  In  this  paper  we  confirm  and  further  explore  our  model 
by  means  of  PL  excitation  spectra  of  samples  subjected  to  an  applied 

uniaxial  stress.  Furthermore,  we  report  on  the  stress  uniformity  and 

reproducibility  for  five  layers  of  differing  thicknesses  from  1  pm  to 
10  Mm  employing  photoluminescence  (PL)  techniques.  Finally,  we  present 

the  results  of  acceptor  studies  on  undoped  GaAs/Si  as  well  as  on  layers 
implanted  (Mg,  Zn,  Si)  and  annealed  using  rapid  thermal  annealing  (RTA) . 

2 .  Experimental  Details 

Our  GaAs/Si  growth  techniques  have  been  previously  reported  (Shastry  and 
Zemon  1986)  .  Samples  used  for  the  PL  study  of  implanted  acceptors  were  4- 
Mm  thick.  was  incorporated  into  the  layer  by  ion  implantation 

having  two  implant  schedules  of  dose  and  energy,  1  x  10^^  cm~^  at  100  keV 
and  2.5  x  10^^  cm“^  at  400  keV,  respectively.  was  implanted  with  a 

1  X  10^^  cm"^  dose  at  100  keV  and  a  3  x  10^^  cm"^  dose  at  400  keV.  ^93^+ 

ions  which  are  amphoteric  dopants  in  GaAs,  were  implanted  in  another 

layer  with  a  dose  of  2  x  10^^  at  100  keV.  The  samples  were  then 

annealed  by  a  capless  RTA  technique  using  an  enhanced  overpressure 

proximity  method  (Armiento  and  Prince  1986)  .  All  the  samples  were 
annealed  in  N2  ambient  with  an  AG  Heatpulse  410  System.  Mg'*'  and  Zn* 
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implanted  samples  were  annealed  at  950°C  for  10  sec,  whereas  the  Si'*’ 
implanted  samples  were  annealed  at  950®C  for  30  sec  just  to  allow  the 
implants  to  show  acceptor-like  behavior.  The  carrier  concentrations  were 
determined  to  be  *  6  x  10^^  cm"^  to  a  depth  of  «  1  )im  for  Mg'*’  and  Zn"*"  and 
to  a  depth  of  0.2  pm  for  Si.  The  experimental  techniques  ir.voivinq 
uniaxial  stress  and  PL  excitation  spectroscopy  (Jagannath  and  Koteles 
1986)  and  PL  (Zemon  et  al  1986)  have  been  described  previously. 


We  preface  the  discussion  of  ou*  present  work  with  a  summary  of  the 
pertinent  results  reported  earlie*:  (Zemon  et  al  1996).  From  high 
temperature  PL  studies  (the  line  shape,  the  spectral  width,  the 
temperature  dependence  of  the  energy  peaks,  dependence  of  PL  intensity 
upon  excitation  power)  as  well  as  4.2  K  PL,  PLE  and  selective  excitation 
studies,  it  was  proposed  that  the  spectra  are  dominated  by  conduct ion- 
band-to-light-hole  (mj  =  ±  3/2)  transitions  for  300  K  >  T  >  150  K,  with 
conduct ion-band-to-heavy-hole  (mj  =  ±  1/2)  transitions  dominating  below 
100  K.  At  4.2  K  both  lines  are  excitonic.  In  addition,  at  60  K  >  T  > 
4.2  K,  two  impurity  lines  can  be  observed,  the  shallower  one  identified 
with  carbon.  The  split  valence  band  model  qualitatively  accounted  for  the 
peak  energies  of  the  intrinsic  lines  assuming  a  stress  of  2-3  kbar. 


The  two  4.2  K  exciton  lines  were  further  studied  as  a  function  of  an 
external  uniaxial  stress  along  a  (100)  direction  applied  in  the  plane  of 
the  layer.  In  the  presence  of  an  applied  uniaxial  stress  X,  in  addition 
to  the  residual  biaxial  tension  X^,  the  eigenvalues  of  the  strain 
Hamiltonian  are 

E  +  =  Eg  +  A(X*2X.^>  i  +  -  XX,,]’^^  (1) 


with  A  =  ®  ”  '^12^  where  a,  b  are  the 
hydrostatic  and  shear  deformation  potentials  respectively,  and  and 
$12  are  the  elastic  compliance  constants.  is  the  excitrn  energy  in 
GaAs  in  the  absence  of  any  stress  and  is  taKer.  to  be  1.5152  eV. 


In  Fig.  1,  we  plot 
(as  solid  circles) 
the  variation  of  the 
exciton  peaks  with 
uniaxial  stress  up  to 
a  value  of  6  kbar. 
The  solid  lines 
represent  the 
theoretical  fit  to 
the  data  using  Eq.  1 
with  A=-3.5  meV/kbar, 
B=-2 . 4  meV/kbar  and 
Xq-3  Kbar.  Following 
the  normal  conven¬ 
tion,  X  is  negative 
(positive)  for  com¬ 
pressive  (tensile) 
Stress.  These  values 
of  A  and  B  are  in 
good  agreement  (with¬ 
in  10%  )  with  the 
experimental  values 
found  in  literature 
(Chandrasekhar  and 
Poliak  1977).  The 
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Fig.  1  Data  and  theoretical  fit  for  the  exter¬ 
nal  uniaxial  stress  measurement  at  4.2  K.  The 
applied  stress  is  compressive. 
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agreement  between  the  experimental  points  and  theory  is  good,  further 
confirming  our  identification  of  the  peaks. 


A  . 


-r-  IQ  um. 


PL  data  were  taken  on  five  samples  grown  to  various  thicknesses#  i 
2,  3,  4  and  10  Spectra  for  the  10-pm  sample  are  shown  in  Fig, 


identifications  based  upon  previous  work 
Note  that  the  4.2  K  spectrum  is  domi.^ated  by  a 
(i  l/2)-exciton  transition  at  «  832.5  nm.  The 
4.2  K  acceptor  and  deep  level  PL  amplitudes 
ceyo.id  =  840  nm  are  reduced  by  about  a  factor 
of  40  below  that  of  the  dominant  excicon 
tratisition.  [A  similar  low  level  of  acceptor 
FL  is  observed  for  our  homoepitaxial  material 
(Shastry  et  al  1987).}  The  PL  spectra  from  all 
five  samples  had  weak  impuiity  features#  in 
contrast  with  the  results  obtained  by  others 
(Metze  et  al  1  984#  Masselir.k  ot  al  1984# 
Fischer  et  al  1985#  Duncan  et  ai  1986)  in  which 
impurity  features  are  much  stronger.  The  4.2  K 
spectra]  width  of  the  (d  1/2)  exciton  for  the 
ll-)im  sample  is  4.3  rr.eV,  com.parable  to  that 
reported  by  Duncan  et  ai  ;1986)  for  MBF-grown 
material.  When  the  excitation  intensity  is 
increased  (not  shown),  the  (±  3/2)-exciton  peak 
can  be  detected  at  824.4  nm  and  a  (e#  A*^)  peak 
at  843.0  .'.m.  The  latter  is  determined  to  be  a 
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Fig.  2  PL  spectra  for 
a  lO’Mm  sample  at  sev¬ 
eral  temperatures.  At 
4.2  K#  is  =  50  mW/ 


behavior  with  power  density  at  4.2  K  (a  (D*^# 

A*^)  transition  at  845.0  nm  is  observed  at  4.2  K 
for  the  lower  excitation  densities  used  in  Fig. 

2]  and  at  25  K  where  donors  become  ionized.  cm*- . 

Carbon  is  identified  as  the  dc'minant  shallow 

acceptor  in  undoped  GaAs/Si  (Demon  et  al  1996).  We  will  return  to  the 
discussions  of  the  (e#  A'^^;^)  transition  in  a  subsequent  section. 

The  (±  1/2) -exciton  peak  as  well  as  the  other  peaks  are  essentially  the 
same  for  all  five  samples.  Since  the  exciton  peaks  can  serve  as  a  meaure 
of  biaxial  tensile  stress  (through  Eq.  (1)  with  X  =  01#  it  i.s  clear  that 
ail  five  layers  are  subjected  to  substant ia  1  ly  the  same  stress  near  the 
surface  excitation  region.  Thus#  for  these  layers  no  substantial  stress 
gradients  exist,  at  least  for  distances  greater  than  1  lim  from  the 
interface.  Of  course,  this  is  the  expected  result  for  all  pracrical 
cases  where  the  film  thickness  is  much,  much  less  than  tho  radius  of 
curvature  (typically  *  10-30  m) . 


5  .  Accept-or  _PL 

In  order  to  examine  the  PL  behavior  of  acceptors  in  GaAs^'Si#  implanted 
and  annealed  layers  were  used.  Figure  3  shows  the  PL  for  a  Mg-implanted 
sample  at  three  temperatures#  20.4  K#  70.6  K  and  159  K.  We  identify  the 


longest  wavelength  line  with  (e. 


Mg 


)  since  it  shows  the  character  i.stic 


reduction  in  PL  amplitude  due  to  thermal  ionization  as  the  temperature 
approaches  70  K-  Based  on  the  trends  seen  in  previous  work  (Zemon  et  al 
1986),  we  identify  the  two  sho,.t  wavelength  lines  as  intrinsic 
transitions  associated  with  the  (±  1/2)-  and  the  (±  3/2'-valence  bands. 
Data  taken  at  9  K  as  a  function  of  excitation  intensity  il^)  are  .shown  in 
Fig.  4.  The  shifting  of  the  peak  of  the  longest  wavelength  line  a.s  i.s 
increased  from  the  lowest  to  highest  values  is  interpreted  in  terms  of 
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the  expected  shift  from 
A'^Mg)  to  (e,  AO|^g)  .  The  fact 
that  the  (±  1/2)  transition 

increases  nonlinearly  with 
typical  for  p-doped  material,  is 
due  to  strong  hole  trapping  by 
acceptors  at  low  ^  When  the 
spectrum  is  extended’  to  880  nm, 
a  line  situated  (36.7  ±  0.5)  meV 
below  the  (e,  A^j^g)  peak  is 
observed  at  an  intensity  two 
orders  of  magnitude  below  that 
of  the  [e,  AO„gl  line.  This 
weak  signal  is  identified  with 
the  longitudinal  optical  phonon 
replica . 

Data  obtained  for  the  Zn-  and  Si- 
implanted  layers  were  similar  to 
those  of  the  Mg  layers  except 
that  the  acceptor  lines  were 
shifted  to  longer  wavelengths. 
Table  I  summarizes  the  pertinent 
results.  We  list  the  estimated 

biaxial  stress  [obtained  from 

using  £q .  (1)  for  X  =  0  in 

conjunction  with  the  peak  energy 
of  the  (±  l/2)-exciton  trans¬ 
ition],  the  energy  difference 
AE(Xq)  between  the  (±  1/2)- 

exciton  transition  and  the  (e, 
Aq)  transition,  and  the  energy 
difference  AE{0)  obtained  from 
bulk  (unstressed)  GaAs .  Note 
that  AE(0)  -  AE(Xq)  =  4.5  meV, 

an  indication  that  the  acceptor 
binding  energy  in  GaAs/Si  has 
decreased  with  respect  to  that 
of  GaAs/GaAs. 

Stress  data  have  appeared  in  the 
literature  for  carbon  acceptors, 
in  GaAs  (Bhargava  and 
Nathan  1967)  .  For  A^;;^  transi¬ 
tions,  Bhargava  and  Nathan 
reported  that  the  hydrostatic 
deformation  potential  is  equal 
to  that  of  the  valence  band 
while  the  shear  deformation 
potential  (b')  is  less  than  the 

valence  band  value  (b) ,  i.e.,  b* 

=  0.56  b.  Using  b'  in  Eq.  1 

(with  X  =  0)  we  plot  the 

theoretical  variation  of  the  (e, 
A^(^)  transition  energies  in  Fig. 

5  along  with  the  two  exciton 
energies.  The  fact  that  the 

splitting  of  the  two  acceptor 
peaks  has  a  weaker  stress 
dependence  than  that  of  the  two 


Fig.  3  Mg-implanted  GaAs/Si  spectra 
at  several  temperatures. 
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Fig.  4  Mg-implanted  GaAs/Si 
spectra  at  9  K  for  several  ex¬ 
citation  powers. 


A° 

=^0 

(kbar# 

AE(Xjj) 

meV 

AE  (0) 

meV 

Mg 

3.4 

17.1 

21.7 

Zn 

3.6 

20.4 

Si 

3.5 

23.2 

27.6 

Table  1  /cceptor  (A^)  PL 
data  for  samples  implanted 
and  annealed. AE (Xq)  * 
E(+l/2)-Et (e,  aO) ] . 
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exciton  peaks  causes  the  acceptor  binding  energy  to  decrease  with 

increasing  Xq  The  crosses  represent  the  peak  energies  obtained  for  the 
10-pm  sample  (see  Fig.  2).  Xq  2.5  kbar  was  obtained  by  fitting  the  (± 
1/2) -exciton  peak  to  the  theoretical  curve.  The  fact  that  the  (±  3/2)- 
exciton  data  point  falls  very  close  to  the  theoretical  line  demonstrates 
the  good  agreement  obtained  between  theory  and  experiment .  Note  that  the 
(e,  data  point  falls  on  the  theoretical  curve  for  the  (±  1/2) 

acceptor  level,  confirming  that  the  acceptors  in  GaAs/Si  have  a  reduced 
binding  energy.  The  data  for  the  samples  of  other  thicknesses  are  in 
good  agreement  with  that  for  the  lO-|im  sample.  We  note  that  a  (±  3/2)- 

acceptor  transition  is  not  observed  at  4.2  K,  presumably  due  to  thermal 

depopulation  and  the  fact  that  the  PL  peak  falls  on  the  long  wavelength 
tail  of  the  much  stronger  (±  1/2) -exciton  line, 

6  .  Rapid  Thermal  ^nea ling  o£__GaA3/.Sl 

It  is  apparent  from  the  data  of  Table  I  that  GaAs/Si  which  has  been 

implanted  and  annealed  using  RTA  at  950^^0  has  undergone  an  increase  in 
stress  of  about  1  kbar  from  the  *  2.5  kbar  value  found  before  processing. 
In  order  to  further  investigate  this  phenomenon,  an  unimplanted  4-)im 

layer  was  processed  using  RTA  at  950^C  for  10  s.  The  resultant  {±  3/2) - 

and  (±  1  ^2 ) -exciton  pl  peaks  for  4.2  K  are  plotted  as  closed  circles  in 

Fig.  5.  Note  that  again  the  biaxial  tensile  stress  has  increased  about 
1  kbar  to  *»  3.5  kbar.  Using  the  model  of  Ishida  et  al  (1986)  and  as¬ 
suming  stress  relief  at  the  annealing  temperature  (950'^C)  instead  of  the 
growth  temperature  (600*^0  , 
a  calculation  of  the  strain 
induced  by  the  GaAs  and  Si 
differential  thermal  con¬ 
traction  between  950^C  and 
600^0  gives  a  value  of 
about  0.1%.  This  corres¬ 
ponds  to  a  stress  of  about 
1  kbar,  thus  accounting  for 
at  least  a  major  part  of 
the  stress  increase  during 
RTA.  Thus,  it  is  clear 
that  after  high  temperature 
processing  (Inomata  et  al 
1985,  Nonaka  et  al  1984), 

GaAs/Si  will  be  subjected 
to  an  increase  in  the 
biaxial  tensile  stress. 

7 .  Sunimdcy 


rapid  thermal  annealing  of  GaAs/Si  is  found 
the  material. 


External  uniaxial  stress 
experiments  have  confirmed 
the  split  valence  band 
picture  suggested  by  Zemon 
et  al  (1986)  .  The  sample 
stress  is  found  to  be  in¬ 
dependent  of  thickness  for 
layers  between  1  pm  and 
10  pm.  Furthermore,  ac¬ 
ceptor  binding  energies  in 
GaAs/Si  ate  shown  to  be  re¬ 
duced  from  those  for  homo- 
epitaxial  material.  Finally, 
to  cause  a  stress  increase  in 
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Fig.  5  Comparison  of  PL  peaks  of  as- 
grown  and  RTA  GaAs/Si  at  4.2  K  with 
theory . 
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Impurity  gettering  and  dislocation  reduction  by  GaAs(ln)  and  lnP(  As) 
strained  layer  epitaxy  and  related  device  effects 


T.Tilll,  R.Schummers ,  P.Narozny,  N.Emels,  H.Beneking,  H.Klapper 

Institute  of  Semiconductor  Electronics,  Aachen  University  of 
Technology,  Sommerf e Idst rafle ,  D-5100  Aachen,  FRU 
Institute  of  Crystallography,  jagerstraOe  17-19,  D-5100  Aachen,  FRC 


Abstract:  It  is  shown  that  strained  Isoelectronically  doped  buffer 
layers  grown  on  GaAs  and  InP  substrates  reduce  the  dislocation  den¬ 
sity  due  to  the  formation  of  a  dislocation  network  at  the  interface. 
Applied  to  bipolar  transistors  a  great  Improvement  In  current  gain  Is 
found  In  comparison  to  conventionally  fabricated  devices. 


'  •  Introduction 

It  is  known  that  Che  performance  of  1 1 1-V-devlces  is  significantly 
influenced  by  dislocations.  For  example  Roedel  et  al.  (1979)  have  found 
that  the  external  efficiency  of  Sl-doped  GaAlAs  LEDs  Is  reduced  with 
Increasing  dislocation  density.  Petroff  et  al.  (1973)  show  that  In 
short  wavelength  GaAlAs  lasers  a  high  density  of  point  defects  formed  by 
pair  recombination  causes  the  grown-ln  dislocations  to  punch  out  loops. 
This  dislocation  multiplication  leads  to  dark-line-defects,  a  primary 
cause  of  laser  failure.  Kasahara  (1985)  has  found  that  the  threshold 
voltage  of  GaAs  FETs  imitates  the  dislocation  distribution  of  the 
substrate.  This  leads  to  the  conclusion  that  for  highly-integrated  GaAs- 
ICs  the  dislocation  density  must  be  lower  then  200cm  as  pointed  out  by 
DlLorenzo  et  al.  (  1984). 

Many  Investigations  have  been  made  to  achieve  GaAs  and  InP  substrates 
with  low  dislocation  density.  Jordan  et  al.  (1984,1985)  have  studied  the 
dislocation  generation  In  GaAs  and  InP.  Two  methods  have  been  reported 
to  reduce  the  dislocation  density:  (a)  low  temperature  gradient  during 
growth,  (b)  Impurity  hardening  by  doping  with  excessive  amounts  of  S  or 
Ce  In  InP  or  slrallary  Si,  Te  or  In  in  GaAs.  This  was  experimentally 
confirmed  by  Klraura  et  al.  (1984),  who  have  grown  low  dislocation 
I  nd  1  urn -a  1  loyed  GaAs  and  by  Kohda  et  al.  (1985),  who  have  , grown  com¬ 
pletely  dislocation-free  In-alloyed  GaAs.  The  influence  of  the  tempera¬ 
ture-gradient  was  experimentally  determined  by  Jordan  et  al.  (1984). 
But  there  remain  some  problems  with  this  methods  as  pointed  out  by 
Jordan  et  al.  (1984).  A  low  temperature  gradient  leads  to  Instability 
during  the  crystal  growth  and  the  excessive  doping  Is  not  possible  when 
semi-lnsulating  substrates  are  needed. 

Therefore  some  other  methods  have  been  reported  to  reduce  the 
dislocation  density  In  the  active  layer  of  devices.  Matthews  et  al. 
(1976)  show  how  threading  dislocations  can  he  removed  away  from  the 
epitaxial  layer  using  misfit  strain.  This  was  shown  experimentally  for 
1987  lOP  Publishing  lid 
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example  in  Gaj_j^AljjAs-multtlayer  structures  by  Bartels  et  al.  (1977),  In 
Ga.jjAljjAsi  P  -layers  on  GaAs  by  Rozgony  et  al.  (1974),  In  compositio- 
naily  gradeel  (.ln,Ga)P  by  Abrahams  et  al.  (  1975)  and  In  GaAlAs  super- 
lattice  structures  by  Osbourn  (1982).  Using  such  strained  layers  not 
only  the  dislocation  density  is  reduced  but  also  a  gettering  effect 
takes  place.  Beneklng  et  al.  (1985b)  show  that  the  outdiffuslon  of  Cr 
from  the  substrate  is  suppressed.  Salih  et  al.  (1985)  have  shown  that 
the  misfit  dislocations  network  at  the  interface  between  a  Ge  containing 
Si  epitaxial  layer  onto  Si  getter  Cu  and  Au.  Beneking  et  al.  (1985a)  and 
Kalukhov  et  al.  (1985)  show  that  also  the  intrinsic  deep  levels  can  be 
reduced  by  isoelectronlc  Impurities. 

We  have  used  isoelectronlcally  doped  epiaxial  layers,  especially 
GaAs(In)-layers  on  GaAs  grown  by  LPE  and  MOCVD  and  InP(As)  layers  on  InP 
grown  by  LPE  with  a  lattice  mismatch  between  layer  and  substrate  in  the 
range  10“  ...10”  .  The  behavior  of  threading  dislocations  and  the  misfit 
dislocation  network  has  been  studied  by  X-ray-topography  and  etching 
methods.  To  demonstrate  the  device  quality  achievable  with  those 
strained  layers  GaAs-Schottky-dlodes  based  on  LPE  material  (Narozny  et 
al.  1985),  GaAs-  and  InP-pn-dlodes  based  on  LPE  and  MOCVD  material 
(Beneking  et  al.  1985b,  1986),  and  GaAs-double-Schottky-interdlgitated 
photodetectors  based  on  LPE  material  (Schumacher  et  al.  1986)  have  been 
fabricated.  They  confirmed  the  prediction  of  better  material  uniformity 
as  well  as  device  relevant  data.  The  reduction  of  deep  levels  leads  to 
an  excellent  1/f  noise  behavior  and  the  minority  carrier  lifetimes  are 
about  double  as  high  as  for  similar  diodes  fabricated  without  strained 
layer  epitaxy.  Correspondingly  the  diffusion  length  is  enhanced. 

2 .  Dislocations 

It  has  been  found  by  etching  experiments  recently  (Beneking  1985a, 
1985b)that  the  EPD  in  the  epitaxial  layer  can  be  reduced  by  a  factor  of 
20  with  an  isoelectronlc  doping  in  the  range  0.15%-0.331.  Several  microns 
of  growth  must  be  performed  to  achieve  the  desired  EPD  reduction 
(Beneking  1985a).  X-ray  transmission  topographs  were  obtained  by  the 
Lang  method  using  a  MoKAsource.  The  GaAs  samples  were  grown  by  LPE  on 
Si  and  Cr  doped  subtrates  with  low  dislocation  density  to  observe 
individual  dislocations.  The  thickness  of  the  layers  were  10pm  and  15pm, 
the  In  concentration  in  the  epitaxial  layer  of  different  samples  was  OZ, 
0.15Z,  0.30%  and  0.5%.  Therefore  it  was  possible  to  study  the  Influence 
of  layer  thickness  and  In  concentration  on  the  misfit  dislocation  net¬ 
work  and  the  bending  of  threading  dislocations.  Fig.  la-ld  show  the 
influence  of  the  In-doping  on  the  misfit  dislocation  network  density. 


Fig.  1:  Misfit  dislocation  network  for  different  In-concentratlons 
a)0%,  b)0.15%,  c)0.3%,  d)0.3%  (Sl-doped  GaAs-Substrate) 


Fig.  la  shows  the  absence  of  a  dislocation  network  because  no  In-doping 
was  performed.  Fig.  lb  to  Id  Illustrate  the  Increasing  dislocation 
network  density  with  Increasing  In-doping  (and  therefore  lattice 
mismatch).  All  misfit  dislocations  run  either  in  [llO]or  [HO] 
directions  and  originate  either  from  the  wafer  edges  (fig.  lb), 
scratches  (fig  lb)  or  from  substrate  dislocations  (  fig  2,  arrows). 

_  -  _  Further  eicpetlments  have  shown  that 

the  misfit  dislocation  network  density 
Increases  with  increasing  substrate 
dislocation  density,  because  many 
misfit  dislocations  originate  from 
substrate  dislocations  (fig  2).  There¬ 
fore  It  can  be  concluded  that  the 
epitaxial  dislocation  density  Is  re¬ 
duced  because  many  substrate  dis¬ 
locations  are  bent  at  the  Interface  to 
form  misfit  dislocations  which  run  to 
the  wafer  edges. 


Fig.  2:  Bending  of  dlslocotlons  at 
the  Interface.  (0.3%  In) 
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In  the  case  of  InP  strained  layers 
the  dislocation  reduction  was 
studied  by  etching  methods 
(Beneklng  1985a,  1985b),  It  was 

shown  that  the  EPD  can  be  reduced 
by  a  factor  of  20.  We  have  also 
applied  X-ray  topography,  but  the 
poor  quality  of  InP  substrates  re¬ 
duces  the  usefulness  of  this  method. 
Fig.  3  shows  an  example.  The  misfit 
dislocation  network  can  be  seen, 
but  the  very  rough  substrate  back¬ 
side  leads  to  a  very  strong  back¬ 
ground.  By  polishing  the  backside, 
the  resolution  should  be  Improved. 


3:  Dislocation  network  for 
As-doped  InP 
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3 .  Devices 

The  current  gain  of  a  bipolar  transistor  is  determined  by  the  emitter 
effciency  and  the  base  transport  factor.  An  improvement  in  the  base 
transport  factor  can  be  achieved  by  increasing  the  minority  carrier 
diffusion  length.  Since  the  diffusion  length  is  related  to  the  crystal 
quality  and  the  deep  level  impurities,  one  has  to  Improve  the  layer 
quality. 

In  order  to  show  the  effect  on  the  current  gain  of  bipolar  transistors. 
In-doped  (0.15%)  and  conventionally  npn  transistors  have  been  fabri¬ 
cated.  A  homojunctlon  transistor  has  been  chosen  Instead  of  a  hetero¬ 
junction  transistor  to  exclude  Interface  recombination  effects.  A  8pm 
buffer  layer  has  been  grown  on  a  (100)  n^-substrate  followed  by  the 
collector,  base  and  emitter  layers  with  1pm,  0.15pm.  0.5pra  thickness  and 
a  doping  level  of  10  ”cra~^,  lO^'cm"^,  and  10^”cm“^,  respectively.  For 
the  strained  layer  device  all  epitaxial  layers  are  doped  with  0.15%  In. 


Fig.  4a  shows  the  1-V 
characteristic  of  an 
In-doped  device 
whereas  Fig.  4b  shows 
the  curves  of  a 
conventionally  fabri¬ 
cated  transistor.  An 
enhanced  current  gain 
by  a  factor  2.5  can 
be  seen  from  the 
characteristics.  The 
same  breakdown 
voltage  and  the  same 
Early  voltage 
Indicate  identical 
base  widths  and 
doping  concentrations 
so  that  the  enhanced 
current  gain  Is 
caused  by  the  im¬ 
proved  diffusion 
length.  Furthermore  a 
steep  breakdown 
behavior  of  the  I-V 
characteristic  of  the 
In-doped  transistor 
indicates  a  homo¬ 
geneous  layer  quali¬ 
ty- 


Fig.  4:  I-V  characteristics  of  bipolar  transistors 
a)  In-doped  b)conventlonal 


To  show  that  a  carrier  lifetime  enhancement  occurs  by  Isoelectronic 
doping  epitaxial  pn-diodes  have  been  investigated.  First  a  lightly  doped 
(n=  10^"cm”-’)  15pm  n-layer  was  grown  on  a  n'*'-substrate  followed  by  a 
highly  doped  (p-5xin‘*cra"3)  p-layer.  Devices  with  different  (0%,  0.15%, 
0.3%,  0,5%)  In-concen t rat  ions  have  been  fabricated  to  study  the 
Influence  of  the  In-doping  concentration.  Fig,  5  shows  the  I-V-charac- 
teristic  of  a  conventionally  fabricated  (laAs-diode  in  comparison  to  an 
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In-doped  device  (0.3%).  The  recombination  current  with  an  Ideality 
factor  of  n”2  Is  reduced  by  the  In-doping  so  that  the  diffusion  current 
with  an  ideality  factor  n**!  appears  at  a  higher  current  level.  The 
minority  carrier  lifetime  and  diffusion  length  can  be  determined  by 
measuring  the  recombination  current  Ifg^  of  the  diode  in  forward 
direction  at  a  current  level  where  recombination  determines  the  I-V- 
characterlstics. 

V 

free  “  "i  A  e  d  /  It  exp( - ) 

2V^ 

where  n^  is  the  intrinsic  carrier  concentration,  A  is  the  diode  area,  e 
is  the  electron  charge  and  d  is  the  deoleLion  layer  width.  The  diffusion 
length  of  the  holes  can  then  be  calculated  by 


Pp-fp) 


V 

Fig.  5:  Forward  characteristics  of  an  (0.3%)  In-doped  pn-diode  in 
comparison  to  a  conventionally  fabricated  diode 


Fig.  6:  Hole  diffusion  length  Lp  and  standard 
deviation  s^  against  In  concentration 


Fig.  6  shows  the 
diffusion  length  and 
the  scattering  of  the 
value  for  different 
In  concentrations 
measured  with  a 
series  of  diodes 
placed  on  a  Icm'^ 
sample.  An  improved 
diffusion ■ length  can 
be  seen  from  the  dia¬ 
gram  which  reaches 
its  maximum  value  at 
0.3%  In  and  decreases 
when  further  increa¬ 
sing  the  In  con¬ 
centration.  Beside  an 
increase  in  diffusion 
length  a  decrease  of 
the  standard  devia¬ 
tion  takes  place 
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which  Indicates  a  homogenlous  layer  quality. 


4.  Summary 

It  has  been  demonstrated  that  the  epitaxial  layer  quality  and  uniformity 
of  GaAs  and  InP  wafers  can  be  Improved  by  applying  a  single  strained 
epitaxial  layer,  because  the  dislocation  density  and  the  deep  levels  are 
reduced  drastically.  The  method  presented  Is  not  restlcted  to  the  pre¬ 
sented  examples  and  will  be  a  very  promising  tool  In  Ill-V  technology. 
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AIN  on  GaAs  and  InP  for  application  to  MIS  structure  -  low  temperature 
growth  of  AIN  using  TMAI  and  hydrazine 


M.  Mizuta,  S.  Fujiada,  T.  Jitsukawa  and  Y.  Matsumoto 

Fundamental  Research  Labs.,  NEC  Corporation 
Miyamae-ku,  Kawasaki,  Kanagawa  213,  JAPAN 

Abstract.  Aluminum  nitride  on  n-GaAs  and  n-InP  was  successfully  grown  at 
low  temperature.  For  both  MIS  (metal-insulator-semiconductor)  systems  the 
surface;state  density  (Njs)  was  greatly  reduced  :  Ns,<  10  '  for  InP  and 
<10  ^cffl*'^ev''  for  GaAs.  For  GaAs  the  reduced  N  was  confirmed  by  the  ICTS 
(isothermal  capacitance  transient  spectroscopy7*measurement.  The  abnormal 
C-V  characteristics  of  GaAs  MIS  diode  is  discussed  by  a  model  of  N 
distribution  with  two  discrete  levels.  ’ 

1  ■  Introducti on 

There  has  been  a  demand  for  the  control  of  the  surface  band  bending  of  III-V 
semiconductors  upon  metal  deposition  and/or  insulator  deposition,  specifi¬ 
cally  for  GaAs  and  InP.  This  is  because  precise  manipulation  of  the  Schottky 
barrier  height  or  Fermi  level  at  the  surface  (E,  )  would  make  MESFET  or 
MISFET  performance  much  more  reliable.  Presently,  however,  the  surface  or 
interface  of  GaAs  is  pinned  around  O.SeV  below  the  conduction  band  (CB) 
regardless  of  what  foreign  atoms  are  deposited  (Spicer  1980).  Surface  deple¬ 
tion  other  than  under  the  gate  due  to  this  pinning  also  degrades  the  MESFET 
performance,  such  as  the  side  gating  effect.  Therefore  a  proper  passivation 
of  the  surface  is  a  requisite  for  these  devices.  To  date,  however,  practical 
interface  and/or  surface  properties  are  insufficiently  controlled  experi¬ 
mentally  and  also  are  not  reasonably  understood  theoretically.  Several 
models  have  been  proposed  for  the  Fermi  level  pinning  of  the  deposited  metal 
Schottky  barrier(Tersoff  1985,  SaQkey_1985^  Spicer  1980),  for  which  required 
N  is  estimated  to  be  around  10  ^  cm’'^eV'  .  For  the  case  of  semiconductor- 
insulator  interfaces  pinning  usually  takes  place.  However,  because  of  lack 
of  screening  by  the  metal,  much  smaller  N  could  easily  pin  the  surface.  As 
a  consequence,  although  the  MISFET  device  has  several  advantages  over  the 
MESFET  or  HEMT  type  devices,  poor  interface  quality  in  terms  of  electrically 
active  states  does  not  allow  large  excursion  of  E-  .  We  explore  here  the 
possibility  of  an  unpinned  insulator-semiconductor  iystem. 

Up  to  now,  most  of  MIS-type  structure  have  been  fabricated  utilizing  depos¬ 
ited  dielectrics  since  the  complex  phases  of  the  native  oxides,  especially 
for  GaAsISchwartz  1983),  prohibits  the  control  of  their  'd’ electric  proper¬ 
ties.  Among  several  candidate  insulators,  nitrogen-based  materials  have 
received  attention  since  the  nitridization  is  known  to  occur,  which  might 
produce  a  smooth  interface  change,  ^n  fact  the  nitridization  of  the  GaAs 
surface  by  the  nitrogen-plasma  has  been  reported  to  reduce  surface  recombi¬ 
nation  velocity! Pankove  1983),  and  diode  leakage  current  (Pearton  1984).  The 
nitridization  or  nitride-deposition  have  been  conducted  by  NH,  or  N„  plasma 
previously.  We  believe,  however,  that  the  high-energy  plasma-particfe  could 
introduce  defects  at  the  surface  to  degrade  the  interface  property. 
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In  this  study,  we  use  the  low-temperature  pyrolytic  reaction  to  deposit  a 
nitride  film  on  GaAs  and  InP.  AIN  was  chosen  here  because  the  ionicity  and 
thermal  expansion  coefficient  are  very  close  to  those  of  GaAs  and  InP  and 
also  its  bandgap  is  large  enough  to  yield  high-resistiv’ty.  The  typica. 
deposition  temperature  of  AIN  by  the  pyrolysis  of  NH,,  however,  has  been 
reported  to  be  more  than  1000‘’C,  which  is  too  high'^for  the  processing  of 
GaAs  and  InP.  Lower  temperature  pyrolytic  CVD  of  nitrides  is  expected  with 
hydrazine  (N_H.),  instead  of  NH^,  because  hydrazine  is  known  to  decomoose  at 
a  much  lower '^temperature,  therefore  preserving  the  stoichiometric  control  of 
AIN. 


2.  Experimental 


a)  Deposition  procedures  of  AIN 

Growth  was  carried  out  in  a  low-pressure  MOCVD  reactor.  TMA  (trimethyl 
aluminum)  as  an  A1  source  and  hydrazine  as  a  N  source  were  both  held  at  2Cf 
C  and  transported  by  hydrogen.  n-GaAs(IOO)  and  n-InP(lOO)  were  used  as  sub¬ 
strates.  Before  the  nitride  growth,  GaAs  substrates  were  heated  inductively 
up  to  620 ° C  with  AsH,  flow.  This  is  intended  to  remove  oxides  on  the 
substrate  surface.  Flows  of  hydrazine  and  metalorganics,  in  this  order,  were 
then  introduced  to  initiate  growth.  In  some  cases  epitaxial  GaAs  was  grown, 
prior  to  AIN,  in  the  same  reactor  as  an  active  layer.  For  the  case  of  InP 
substrates,  a  pre-treatment  (or  removal  of  oxide)  was  undertaken  by  heating 
the  substrate  up  to  500’C  with  AsH^  flow. 


b)  Electrical  measurements 

A  MIS  diode  was  fabricated  by  evaporating  Au  or  A1  and  soldering  Indium  for 
the  back  ohmic  contact.  Capacitance-voltage  (C-V),  Current-voltage  (I-V)  and 
ICTS  (isothermal  capacitance  transient  spectroscopy)  were  measured  using  HP 
4280A  and  4192A  capacitance  meters  and  4140B  picoammeter  with  a  desk-top 


computer.  C-V  characteristics  shown 
in  this  paper  were  taken  with  a  volt¬ 
age  sweep  rate  of  0.5V 'sec  from  nega¬ 
tive  to  positive  gate  voltage  (V^). 

3.  Resul t_s„  and_  I nterpretat i on 

a)_  Growth  of  AIN  fjlm 
Figure  1  shows  temperature  dependence 
of  growth  rate  and  index  of  refrac¬ 
tion  for  AIN  with  constant  transport 
rates  of  TMA  (2.5  >imol/min)  and  of 
hydrazine  (56  >imol/min) .  Since  the 
required  value  of  the  V/III  (the 
ratio  between  number  of  N  atom  and 
A1  atom  in  input  source  gases)  has 
been  reported  as  1000  when  NH-  is 
used,  it  is  especially  noted  '^that 
V'lII  is  less  than  20  for  the  present 
growth  condition. 

At  high  temperature  (T,  (deposition 
temperature)  >  450*0  the  growth  rate 
reaches  an  approximately  constant 
value  where  the  rate  was  found  line¬ 
arly  dependent  on  the  transport  rate 
of  iMA  and  independent  of  hydrazine 
flow  as  long  as  V/III>5.  Therefore 
in  this  temperature  region,  mass- 
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Fig.  1  Temperature  dependence 
of  growth  rate  and  refractive 
index  of  AIN  on  (100)  GaAs. 
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transport-1 imited  growth  takes  place. 

For  450°C>T  .>350°C,  growth  rate  is  thermally  activated:  dependent  not  only 
on  the  transport  rate  of  TMA  but  on  hydrazine  as  well,  both  with  sub-linear 
relation.  We  found  that  this  dependence  is  due  to  the  surface-catalyzed 
decomposition  of  TMA  rather  than  hydrazine  (Mizuta  1986). 

Further  decreasing  temperature,  deposition  of  AIN  proceeds  without  deterio¬ 
ration  of  surface  morphology  from  350°C  down  to  220°C  as  shown  in  Fig.  1. 
Preliminary  SIMS  (secondary  ion  mass  spectrometry)  measurements,  however, 
show  that  the  film  contains  more  oxygen,  which  could  be  from  the  hydrazine 
source  itself,  than  for  films  grown  at  higher  temperature.  Therefore,  growth 
kinetics  as  well  as  the  film  composition  may  be  quite  different  from  at 
higher  temperature. 

Films  grown  in  this  study  (220°C<T  .<860°C)  presently  show  no  evidence  of 
crystallinity  from  the  x-ray  diffractometry. 

b)  Electrical  characteristics  of  AlN^film  ^ 

From  I-V  characteristics  of  AIN  on  n  -GaAs  with  Ta^SSQ-SSO.C  it  is  revealed 
that  the  Pool-Frenkel  type  current  results  above  lxlO°Vcm*  for  both  forward 
and  reverse  direction.  Below  this  voltage  I-V  characteristics  show,, ohmic 
nature.  The  resistivity  is  estimated,  from  this  slope,  to  be  >10  ”32cm. 
However  the  measuring  current  is  reaching  the  present  instrument  resolution 
and  therefore  the  true  resistivity  would  be  larger.  Dielectric  breakdown, 
defined  as  current  density  of  10’°Acm'‘^  occurs  at  4xlO°Vcm’  . 

The  dielectric  constant  of  the  film  ranges  from  5  (T^=300°C)  to  7.5  (BOO'C), 
which  is  evaluated  from 
the  IMHz  capacitance  of 
the  Al/AlN/n  -GaAs 
structure.  Frequency 
dispersion  of  the  ca¬ 
pacitance  is  around  lOT 
between  50Hz  and  lOMHz 

for  I  .=280-490'’C. 
d 

c )  Capacitance-Vol tage 

characteri sties 

GaAs 

The  typical  C-V  and  G-V 
characteristics  for 
700A  AIN,  on  GaAs 
(n=1.5xl0  '’cffl*'^,  LEO 
are  shown  in  Fig.  2, 
where  the  solid  lines 
represent  for  data  T  .= 

370'’C.  It  is  noted 
that  the  frequency 
dispersion  of  the  ca¬ 
pacitance  between  DC 
(quasi-static)  and 
IMHz  at  the  accumula¬ 
tion  side  is  fairly 
small  (less  than  20 
at  V-=10V),  evidence  of 
low  N  from  mid-gap  to 
CB  (lie  also  Fig.  3). 


APPLIED  GATE  VOLTAGE,  Vg  (V) 


Fig.  2  C-V  and  G-V  characteristics  of  GaAs 
MIS  diodes  for  LEC  GaAs  as  active  layers. 
G-V  curve  is  taken  at  IMHz.  Solid  lines  are 
for  T.=370°C.  An  abnormal  C-V  dependence 
appears  in  the  region  I  and  II. 
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On  the  other  hand,  for  T.)500’c, 
as  represented  by  the  ‘"dotted 
line,  the  C-V  curve  deterio¬ 
rates  badly,  indicating  little 
excursion  of  E,  .  The  change  in 
N  for  diffirent  deposition 
conditions  is  observed  as  shown 
in  Fig.  3;  reduction  in  N  re¬ 
sulted  when  an  active  layer  is 
epitaxial  GaAs  (curve  2)  grown 
in  the  same  reactor  compared  to 
LEG  GaAs  (curve  3).  Further 
reduction  was  observed  by  the 
post-anneal  of  this  diode  at 
230°C  for  1  heicuKve  1):  yield¬ 
ing  N  <  10  “^cm'^eV*  .  On  the 
other  ^hand  N  deteriorates 
when  the  pre-deposition  treat¬ 
ment  of  AsH,  flow  at  620°C  was  N  (cm'^ev’  ) 

not  employed  for  LEG  GaAs 

sample  (curve  4).  Fig.  3  N  distribution  for  different 

deposition^  and  treatment  conditions. 
For  the  depletion  to  inversion  1,2:  epitaxial  GaAs  (n  =  5xio^^ 

side,  every  curve  in  Fig.  2  3-6:  LEG  GaAs  (n=l .5x10  °  cm'^)  as 

shows  the  same  abnormal  active  layers.  1:  post-annealed,  4:  no 

voltage  dependence  as  has  al-  AsH,  pre-treatment.  1-4:  T.=370'c 

ready  been  reported(Kohn  1978).  5:  f .=450°G,  6:  T.=500°C.  ° 

There  are  two  features  in  o  d 

this  voltage  range:  region 
i-  a  constant  capacitance,  ~ 

which  is  not  the  inversion  ^ 

capacitance,  upon  V-  change  —  1 

and  region  II-  a  monotonic  i.j 

decrease  in  capacitance  z 

with  decrease  in  V  .  In  2 

region  II,  a  plot  of  H 

vs  Vj,  (C_  the  depletion  S 

layer^^capaCitance:  l/G^  =  <->.5 

lnd™M^Joii9iy’*S8Foss  I 

semiconductor)  shows  a  “ 

straight  line,  suggesting  g 

deep  depletion.  This  de-  g 

crease,  however,  disappears  0 

in  both  DG  and  IMHz  C-V  -605 

by  irradiating  the  sample  APPLIED  GATE  VOLTAGE,  v^  (V) 

with  a  sub-bandgap  light.  ^ 

Fig.  4  C-V  characteristics  for  InP  MIS 
InP  diodes  with  different  pre-  and  post- 

The  resylts,for  AlN/n-InP  treatment:  -  p. 'e-treatment  with 

(n=6xl0  cm  '^)  are  shown  in  ASH3  at  500°C, - no  pre-treatment. 

Fig.  4.  The  frequency  dis-  -  - post-annealed  at  300‘c(l  hr) 

persion  of  the  capacitance  for  the  pre-treated  sample, 

is  quite  small  for  the  de¬ 
pletion-inversion  side  if 

the  deposition  AIN  (T.=350-400  C)  is  followed  by  the  pre-treatment  of  AsH, 
flow  at  500°C.  N  distributions  are  also  reflected  by  this  pre-treatment  as 
shown  in  the  inset.  The  remarkable  fact  is  that  drastic  reduction  of  N 
resulted  from  the  post-anneal  of  the  MIS  diode  at  290°C  for  1  hr  yieldifi| 
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10''  )0°  lo'  10^ 


TIME  (sec)  6  A  model  for  N  distri¬ 

bution  for  GaAs  MIS.  Hatched 
Fig.  5  ICTS  spectra  for  GaAs  MIS.  Traces  peaks  are  semi -di screte  levels 

are  taken  at  room  temperature.  Reduced  corresponding  to  peak  1  and  2. 

signal  scale  for  traces  2-5.  Measurement  The  dotted  line  represents  U- 

conditions  are:  1:  V.=0,  2:  Vp=2,  3:  V.  shape  surface  state.  The  solid 

^2.5,  4:Vj.  =  3,  5:Vp  =  3.5  Pulse^voltages^  line  is  the  sum  of  these  states 

are  lOV  for  1  and^2V  for  2-5.  to  simulate  the  present  result. 

11  -2  -1 

less  than  10  cm  eV  .  The  abnormal  capacitance  change  at  the  depletion- 
inversion  side  observed  for  GaAs  did  not  manifest  itself  here. 

4.  Discussion  of  thj  GaAi^. MIS _di odes 

As  described  above  N  seems  to  be  quite  reduced  between  midgap  and  CB. 
However  this  is  rather^Contradictory  to  the  previous  understanding  (Hasegawa 
1983);  the  minimum  of  N  is  located  between  midgap  to  valence  band  (VB). 
We,  therefore,  performed^the  transient  capacitance  measurement  to  determine 
the  E,  at  which  N  is  reduced.  An  example  of  the  ICTS  is  shown  in  Fig.  5. 
Here  ^Capacitance  CCansients  were  recorded  (and  processed(TomoKage  1985))  at 
V-=0V  after  a  pulse  with  its  amplitude  of  *10V  was  applied  (curve  1).  This 
Clearly  indicates  that  at  least  two  levels  are  involved  for  electron 
emission.  The  peak  1,  which  has  a  shorter  time  constant,  disappears  both 
when  increasing  V-  more  than  4V  and  decreasing  V-  less  than  OV  with 
constant  pulse  voltage  of  2V.  The  width  of  the  envelope  of  peak  1  for  traces 
2-5  is  fairly  small  as  seen  in  the  figure.  These  results  suggest  that  the 
peak  1  corresponds  to  a  energetically  semi-discrete  level.  We  deduced  the 
depth  (E^^)  of  this  level  to  be  0.66eV  as  shown  in  the  inset.  These  facts 
indicate  ^that  N  is  low  enough  to  change  E,  around  E  -0.7V  and  above. 

Therefore,  low  N  ^*at  midgap  to  CB  is  confirmed; 
ss  ^ 

Furthermore,  with  the  above  fact  in  mind,  this  level  can  be  seen  in  Fig.  3 
as  a  hump  located  at  E  -0.7V.  This  hump  apparently  decrease  its  magnitude 
wi ch  decreasing  T..  Together  with  this  decrease  in  the  discrete  level  con¬ 
centration,  the  density  of  the  continuous  surface  state  towards  CB  (corre¬ 
sponding  to  fast  state)  is  also  reduced  as  clearly  seen  in  the  figure.  The 
reduction  of  the  frequency  dispersion  of  the  capacitance  is  probably  due  to 
the  reduction  of  the  fast  surface  state  rather  than  of  the  discrete  level. 

For  the  peak  2,  it  disappears  when  V-.'O.  But  upon  decrease  in  V-  it  appears, 
even  at  Vj.  corresponding  to  deep-depTetion  condition.  The  onset  of  the  gate 
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bias,  at  which  the  peak  i  appears,  roughly  corresponds  to  right  hand  side  of 
the  region  I  in  Fig.  2  (  this  corresponds  to  ‘  capacitance 

value  of  the  region  I,  however,  is  always  larger' than  the  expected  value  of 
the  inversion  capacitance.  Therefore  in  the  region  I  where  the  C-V  curve  is 
flat,  the  surface  is  not  inverted  but  is  pinned. 

Now  we  can  construct  a  model  to  explain  the  abnormal  C-V  behavior  of  GaAs 
MIS  structure.  From  Fig.  2  under  a  large  negative  V-,  semiconductor  is  sub¬ 
jected  to  deep-depletion.  Even  under  such  a  condition  surface  is  still 
pinned  because  charging  and/or  discharging  of  the  level  (peak  2),  probably 
electron  emission,  cannot  follow  the  Er  change.  Therefore  deep-depletion 
resulted  in  order  to  keep  the  charge  bSiance.  This  assumption  perfectly 
explains  C-V  behavior  under  the  sub-bendgap  light  illumination  and  a  sudden 
decrease  for  the  quasi-static  measurement  shown  in  Fig.  2;  light  illumina¬ 
tion  enhances  the  electron  emission  from  the  level,  therefore  keeping  the 
charge  balance  and  preventing  the  occurrence  of  deep-depletion.  Also  under 
deep-depletion,  voltage  across  the  insulator  does  not  increase  since  almost 
all  the  voltage  is  used  to  develop  the  depletion  width,  resulting  iti  the 
very  small  net  charge  flow  which  corresponds  to  a  sudden  decrease  in  the 
quasi -static  measurement. 

For  p-type  GaAs,  although  we  have  not  tried  MIS  structure  presently,  several 
reports  show  quite  similar  abnormal  C-V  character! stics( Kohn  1978).  however, 
synnetrical  to  the  gate  bias.  This  strongly  suggests  that  when  E,  is  scan¬ 
ned  from  VB  to  midgap,  E^.  is  pinned  to  the  same  level  as  peak  27  Further 
increase  in  results  in^’the  deep-depletion  because  charging  and  or  dis¬ 
charging,  in  rhis  case  probably  hole  emission,  cannot  follow,  ’herefore  our 
proposed  model  consists  of  two  discrete-like  levels  and  U-shepe  fast  surface 
states  as  shown  in  Fig  6.  The  concentration  of  level  1  (peak  1)  deduced 
from  the  IC’Sjjeasi^rem^nt  and  that  of  level  2  (peak  2)  is  estimated  to  be 
more  than  10  cm  ‘ev’  from  C-'.  characteristics.  These  non-steady  state 
behaviors  of  the  discrete  level  ^ave  already  been  proposed  in  si  and  GaAs 
(Wei  1974,  Kazior  1983'  to  account  for  the  abnormal  C-V  curve  as  well  as 
large  frequency  dispersion.  However,  for  GaAs  we  think  anomalous  dispersion 
is  not  due  to  this  discrete  level  but  due  to  the  fast  surface  state  located 
near  CB. 
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Abstract,  tilectron  microscopy  results  for  ((X)l)  oriented  GaAS|  j^Sb^  layers  with 
x  ~0.5  and  0.75  and  Gu) Ii\.\s] .^Sb^^  grown  by  organinnetallic  vapr'r  phase  epitaxy 

indicate  that  ordered  phases  are  formed  during  grow  th.  Lor  ternary  alloys  with  x=0.5, 
two  ordered  phases  are  observed.  The  simple  tetragonal,  CuAu-l  type  phase  consists  of 
altenuiting  { 100}  oriented  Ga.\‘  and  (laSb  layers.  Only  the  2  variants  with  tetragonal  c 
axes  perpendicular  to  the  growth  direction  arc  observed.  Two  variants  are  observed  for 
the  chalcopsrite,  LI  |  stnicture  with  alternating  {210}  oriented  GaAs  and  GaSb  layers, 
l  or  ternary  layers  with  x  0  75,  an  Ll^  ordered  structure  is  observed.  This  ,5:1 

structure  consists  of  alternating  superlatticc  planes  along  {100},  one  of  which  is  Ga.Sb 
and  the  other  a  50  50  mixture  of  (ia.-Xs  and  Ga,Sb.  F  or  a  CiUq  (^^InQ  37ASQ  9gSbQ  (is 
laser,  a  20  50.\  peruxlicity  is  superimposed  on  the  ordered  CuAuT  and  chalcopyrite 
structures. 


Ga.'s|  ^Sb^  alloss  are  potentially  important  materials  for  applications  such  as  tandem  solar 
cells  I  Bedair  et  al  1982  and  f  raas  et  al  1982)  and  detectors  in  the  wavelength  range  from  1  ..5 
to  l  b  pm  (Law  et  al  1981 )  Ihe  quaternary  Gaj,^ln^AS]_^Sb^  alloys  have  an  even  wider 

range  of  band  gaps,  ranging  from  1.4.5  10  0.1  eV.  However,  these  alloy  systems  also  contain 
large  miscibility  gaps  (Slringfellow  198.5).  All  llh  V  alloys  with  lattice  parameter  differences 
between  the  end  compements  (.\^>0)  have  positive  enthalpies  of  mixing,  with  the  deviation 
Irom  ideality  increasing  with  .Xa*  (Stringfcilow  1974)  for  disordered  alloys,  i.e.,  those  with 
random  mixing  on  the  respective  sublatticets).  Molecular  beam  epitaxy  (.MBEi)  (Waho  et  al 
1979)  and  organometallic  vapor  phase  epitaxy  (OMVPL)  (Bedair  et  al  1983,  Slringfellow  el 
al  198.5,  Chenig  et  al  1984a,  1984b,  1986a,  1986b)  techniques  can  be  used  to  grow  these 
metastahle  alloy  s  inside  the  region  of  solid  immiscibility  because  of  kinetic  limitations  on  the 
speed  with  which  the  constituents  can  redistribute  themselves  on  the  surface  during  grc'Wth. 
High  quality  (iaAsj.^Sh^  lattice  matched  to  InP  substrates,  x  0.47,  has  been  successfully 

grown  b\  GNiV'PL  by  Cherng  et  al  ( 1984b.  1986a).  Gaj  .^lUj^As | .ySby  alloys  over  the 
entire  range  of  solid  com[s>s:tion  have  also  beer*  grown  by  G.MVPL  (Cherng  et  al  1986b). 

Recently,  Jen  et  al  (I98(ia)  reported  the  occurrence  of  ordering  in  GaAsj.^Sb^  alloys, 
normally  a  sign  of  a  negative  deviatii'ii  from  ideality  (Swalin  1962).  This  seeming 
contradiction  was  anticipated  by  .Srivastava  et  al  (1985).  Based  on  a  first  principles 
local  density  Uital  energy  minimization  calculation,  thev  predicted  that  lll-V  semiconductor 
AxBi  pseudobinary  alloys,  where  A  and  B  are  group  HI  elements  and  C  is  a  group  V 
element,  should  have  thermixlynamically  stable  ordered  structures  for  the  compositions 
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A3BjC4,  ABC2  and  AjB3C4.  The  stability  of  these  ordered  structures  is  mainly  due  to  a 

reduction  in  strain  energy.  In  a  random  alloy,  the  strain  energy  is  the  major  factor  leading  to 
the  large  positive  enthalpy  of  mixing.  The  ordered  structures  are  able  to  accommodate  the 
two  dissimilar  bond  lengths  when  Aa^O  with  a  minimum  of  distortion.  The  ordered  phases 
were  predicted  to  be  observed  if  the  surface  mobility  during  growth  is  high  enough,  and  the 

growth  temperature  is  lower  than  the  critical  temperature  for  the  order  transformation  (T®) 
(Srivastava  1985).  Similarly  ABj.^Cj^  alloys,  with  mixing  on  the  group  V  sublattice,  are 

also  expected  to  have  stable  ordered  structures. 

Srivastava  et  al  (1985)  predicted  that  for  GalnPo,  an  alloy  with  a  moderate  positive  deviation 
from  ideality  for  the  disordered  alloy,  two  ordered  structures,  the  CuFeS2-type  chalcopyrite 
structure  (El  [)  and  the  the  simple  tetragonal,  CuAu-I,  structurelLl^)  would  have  nearly 

identical  energies,  and  would  thus  both  be  expected  to  occur  under  the  appropriate  growth 
conditions.  This  prediction  apparently  describes  very  well  the  experimental  observations  of 
Jen  et  al  (1986a)  for  tiie  GaAsQ  ^SbQj  alloy. 

In  this  paper  we  report  further  observations  of  the  ordered  structures  in  GaAsj.^Sbj^  with 
x*0.5  and  describe  for  the  first  time  the  occurrence  of  a  new  ordered  phase  in  this  material 
with  x=0.75.  Initial  results  on  ordering  in  the  more  complex  quaternary  alloy 
Gaj.^Inj^Asj.ySby  are  also  presented. 

The  GaAsj.^Sb^  and  Gaj.^Inj^AS]  .ySby  epilayers  were  grown  OMVPE  in  a  horizontal.  !R 
heated  reactor  at  atmospheric  pressure.  The  sources  were  trimethylgallium  (TMGa). 
trimethylindum  (TMIn),  trimethylarsine  (TMAs),  and  trimethylantimony  (TMSb).  The 
substrate  was  InP  oriented  3"  off  (001)  toward  (110).  GaAsj.^Sb^  with  x=0.5  is  lattice 

matched  to  the  InP  substrate  and  the  epilayer  with  x=0.75  has  a  large  mismatch.  The 
quaternary  epilayer  studied  is  slightly  mismatched.  The  growth  temperature  was  in  the  range 
from  550  to  68()'C.  The  V/Ill  ratio  was  about  4  for  the  ternary  sample  with  x=0,5,  1  5  for 
X  =0.75.  and  4.6  for  the  quaternary  sample,  assuming  complete  pyrolysis  of  all  reactants. 
The  growth  rate  was  typically  0.09  pm/min  and  the  thickness  of  the  epilayers  was  about  1.5 
pm.  The  detailed  growth  technique  has  been  described  previously  (Chemg  et  al  1984b, 
1986a.  1986b  ). 

The  composition  was  determined  by  x-ray  diffraction  for  ternary  samples  by  comparing  the 
relative  position  of  the  (400)  peak  for  the  epilayer  to  that  of  the  InP  substrate.  For  the 
quaternary  sample  the  composition  was  determined  by  the  electron  microprobe  analysis 
(EMPA)  technique  using  GaSb  and  InAs  as  standards. 

The  transmission  electron  microscope  (TEM)  samples  were  prepared  by  first  mechanically 
thinning  the  sample  to  about  60  pm.  Chemical  etching  with  a  solution  H^POpl  1 ) ;  HCU ' ) 

was  used  to  remove  the  remainder  of  the  InP  substrate.  The  etching  solution  attacks  InP 
much  faster  than  the  GaAs|,^Sbx  and  Ga|.^ln^ As j.ySby  layers.  Final  etching  using  a  <  1 
%  3r2/CH30H  solution  brought  the  samples  to  transparency.  A  JEM-200CX  scanning 
transmission  electron  microscope  (STEM)  was  used  at  200kV. 

The  |00l  I  electron  diffraction  pattern  for  a  .sample  of  GaAsg  53SbQ  47  grown  at  600”C  with 

a  layer  thickness  of  1.5  pm  is  shown  in  Fig.  1.  In  addition  to  the  normal  zincblende  spots 
with  Miller  indices  being  all  even  or  all  odd.  extra,  zincblende-forbidden,  { 100}  and 
{ 1, 1/2,0}  spots  appea,.  Fig.  2  shows  the  dark  field  image  formed  by  4  { 1, 1/2,0}  order 
induced  spots.  A  rough  estimate  of  the  domain  size  of  the  ordered  regions  is  approximately 
50  to  lOOA.  Similar  diffraction  patterns  and  TEM  images  have  been  observed  for  other 


•■  •  ■-■O  A 


Fig.  1  [001  ]  pole  electron  diffraction  pattern  Fig.  2  Dark  field  image  of 

of  GaAsQ  5SbQ  5  GaAsQ  5SbQ  5  formed  from  El  |  spots 

samples  grown  at  580  and  600'C.  However,  not  all  samples  grown  in  this  range  show 
evidence  of  ordering,  and  all  samples  grown  at  cither  higher  or  lower  temperatures  show' 
only  the  normal  zincblende  diffraction  patterns. 

The  superlattice  spots  indicate  the  presence  of  both  LIq  (CuAu-i)  and  El  ]  (chalcopyrite) 

anion  superlattices  (Srivastava  et  al  1985),  with  the  As  and  Sb  atoms  arranged  in  alternating 
planes,  {100}  forLl^^and  {210}  forElj,  This  ordering  doubles  the  period  of  translational 

symmetry,  giving  rise  to  reciprocal  lattice  spots  spaced  1/2  as  far  apart  in  the  <.  i00>  and 
<1 10>  direc'ions  for  LIq  and  in  the  <2I0>  directions  for  El|.  The  diffraction  pattent 
shown  in  Fig.  1  contains  all  the  diffraction  spots  fora  mixture  of  Lip  and  El  jcxcept  the 
{110}  spots.  The  Lip  ordered  structure  has  3  variants,  with  6  for  El  | .  For  example  the  Lip 

structure  is  tetragonal,  thus  there  are  .3  variants  depending  on  the  orientation  of  the  tetrahedral 
c  direction  in  the  lattice.  For  the  variant  with  periodicity  along  the  (001  ]  growth  direction, 
the  superlattice  spots  will  appear  for  Miller  indices  with  cither  1  odd  and  h,  k  even  or  1  even 
and  h,  k  odd.  This  would  give  rise  to  (±I±I0)  spots,  which  are  missing.  This  indicates 
that  only  2  variants  of  Lip  are  present.  The  absense  of  the  {110}  type  spots  in  the  |  M2] 

pole  electron  diffraction  pattf.n  confirms  the  absence  of  the  3rd  variant  of  the  Lip  structure 
(Jen  et  al  1986b). 

The  chalcopyrite  structure  has  2  variants  along  each  of  the  j  100],  (OlO),  and  (001 )  axes, 
which  give  rise  to:  (±1/2,0,±1)  and  (±1/2,±1,0);  (0,±1/2,±1)  and  (±1, ±1/2,0);  and 
(0.±l,±l/2)  and  (±l,0,±l/2)  spots,  respectively.  The  presence  of  only  2  El  j  variants  could 

account  for  the  superlattice  spots  observed  in  Fig.  1.  The  absence  of  (0,  ±1,  ±1/2)  and 
(±1, 0,  ±1/2)  spots  in  the  1 1 12|  diffraction  pattern  suggests  that  the  2  variants  of  El  j  with  c 

axes  parallel  to  the  growth  direction  are  missing. 

This  analysis  indicates  that  we  have  a  mixture  of  Lip  and  El  j  ordered  structures.  However, 
the  variant  of  LIq  with  the  c  axis  parallel  to  the  growth  direction  is  missing.  This  is  exactly 

wh.it  IS  expected  from  .simple  kinetic  considerations.  Since  diffusion  in  Ill/V  solids  is 
cxircinely  slow,  any  ordering  must  occur  at  the  interface  during  growth.  The  As  and  Sb 
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atoms  are  adsorbed  on  the  surface  in  a  random  arrangement,  and  any  ordering  must  occur 
before  the  deposition  of  the  next  layer.  The  fo'-mation  of  the  varianiS  with  the  tetragonal  c 
axis  pci'iiendicular  to  the  grow  th  direction  requires  a  diffusion  distance  of  less  than  one  lain^  c 
constant.  The  formation  of  the  3rd  variant  with  its  c  axis  parallel  to  the  grow'th  direction 
would  require  diffusion  distances  of  as  large  as  1/2  the  domain  si/.e  of  approximately  A 
seen  in  Fig.  2.  Since  the  diffusion  time  is  proportional  to  the  square  of  distance,  the  3rd 
variant  would  require  approximately  100  times  as  long  to  form. 

The  only  other  re]X)rt  of  ordering  in  G  lAs  j  alloys,  was  that  of  Murgatroid  et  al  (1986) 
for  layers  grown  at  540°C  by  VIBE,  lliey  reported  results  similar  to  those  for  our  OMVPE 
grown  layers.  However,  their  electron  difiraction  patterns  indicated  the  ordering  to  occur  on 
(111)  oriented  planes.  The  {112}  diffraction  patterns,  would  clearly  show  the  l/2{  1 1 1 } 
spots.  Their  absence  shows  that  we  have  no  { 1 1 1 }  type  ordering  present  in  our  OMVPE 
grown  samples  (Jen  et  al  1986b). 

In  Fig.  3.  we  show  the  (0011  diffraction  pattern  for  a  sample  of  GuAsq  25560  -75.  The 
pattern  is  very  simple  and  distinct  from  that  for  the  sample  with  x=0.5  shown  in  Fig.  1. 
Only  {001 }  and  [012}  spots  are  seen.  This  diffraction  pattern  is  indicative  of  a  structure 
w  ith  {001 }  layers  in  the  fee  anion  sublattice  composed  alternately  of  all  Sb  atoms  and  of  1/2 
Sb  and  1  2 As  atoms.  We  conclude  this  alloy'  has  the  LI 3  ordered  structure.  This  type  of 

structure  has  been  reported  for  the  Cu-^Pt  system  (Schneider  et  al  1944).  The  structure  is 
orthorhombic,  but  only  slightly  shifted  away  from  cubic.  We  see  evidence  of  this  from 
electron  diffraction  patterns  which  show  that  the  high  index  spots  begin  to  divide  into  two 
spots. 


Fig.  4  shows  the  LI  3  structure  for  the  anion  sublattice.  As  atoms  sit  on  the  positions  (000), 
(1.2  1.''2  0),  (1/2  0  1/2),  (0  1/2  1/2),  (1/4  1/4  0),  (.3/4  3/4  0),  (3/4  1/4  1/2),  and  (1/4  3/4  1/2) 
which  forms  two  fee  lattices  w'ith  one  translated  by  (1/4  1/4  0)  relative  to  the  other.  24  Sb 
atoms  occupy  the  remaining  sites. 

There  are  two  variants  along  the  <100>  direction  giving  { 1 10}  spots,  which  are  missing. 
This  indicate.s  that,  again,  the  variants  with  their  c-axes  along  the  growth  direction  are  not 
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Fag.  3  [001 1  pole  electron  diffraction  patttern 
of  GaAsQ  25-560  -75 


Fig.  4  LI  3  crystal  stnicture 


Epitaxial  growth 
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formed.  This  has  been  substantiated  by  electron  diffraction  patterns  taken  from  other  poles. 
In  Fig.  5,  the  dark  field  images  taken  using  the  two  order  induced  spots  1120)  atid  (300i  .ire 
shown.  The  order  induced  spots  are  contributed  by  different  order  domains  (i.e.  variams) 
with  sizes  of  about  60  A  by  120  A.  The  domains  arc  perpendicular  to  each  other.  The 
narrowed  shape  of  the  domains  may  explain  tlie  elongation  of  the  order  induced  spots. 


(a)  (b) 

Fig.  5  Dark  field  images  of  GuAsq  ')5SbQ  75  obtained  using  the  (120)  (a)  and  (300)  (b) 
order  induced  spots. 


The  ordered  structure  (Fig.  6)  found  in  the  GaQ  53lnQ  37ASQ  9gSbQ  q2  sample  grown  at 
600°C  is  virtually  the  same  as  for  the  ternary  GaAsQ  5SbQ  5  sample.  However,  a  doubling 
of  some  spots  is  observed.  From  the  dark  field  image  we  observe  a  lamelar  structure 
composed  of  approximately  20-30  A  thick,  (110)  oriented  parallel  layers.  The  size  is 
consistent  with  the  separation  of  the  doubled  superlattice  spots  in  the  electron  diffraction 
pattern. 

In  summary,  we  observe  ordering  in  OMVPE  grown  GaAsj.^jSb^  samples  with  x=0.5.  This 

is  remarkable  in  that  the  random  solid  alloy  is  known  to  have  a  large  positive  enthalpy  of 
mixing.  The  chalcopyrite  (El  [)  and  simple  tetragonal  (Ll^)  ordered  phases  are  both  present. 

Only  the  2  variants  of  Ll^  which  have  their  tetragonal  c  axes  perpendicular  to  the  growth 
direction,  and  2  of  the  6  El  [  variants  are  observed.  For  layers  with  x=0.75  we  have 
observed  for  the  first  time  an  ordered  structure,  EI3,  composed  of  alternating  { 100}  layers 
of  GaSb  and  a  regular  50/50  mixture  of  GaAs  and  GaSb.  For  quaternary 
Gaj.^tn^Asj.ySby  samples  we  observed  a  20-.30A  layered  structure,  in  addition  to  the 

localized  ordered  structures  observed  for  GuAsq  5SbQ  3. 


The  authors  gratefully  acknowledge  the  valuable  discussions  with  Dr.  A.  Virkar  and  Dr.  T. 
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(a)  (b) 

F'lg,  6  (a)  [001 1  pole  electron  diffraction  pattern  for  Ghq  63lnQ  37ASQ  QgSbQ  02i  (t))  Fwo 
beam  dark  field  image  using  (220)  spot 
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Growth  behaviors  and  characterization  of  plasma-assisted  epitaxial  InSb 
and  InAs  on  different  substrates 


T.  Hariu,  S.F.  Fang,  K.  Shida  and  K.  Matsushita 

Department  of  Electronic  Enrineerinr,  Tohoku  University 
Sendai  980,  Uajian 

Abstract .  InCb  and  InAs  epitaxial  layers  with  mirror  surface  were 
grown  at  relatively  low  temperatures  by  plasma-assisted  epitaxy  in 
hydrogen  plasm.a  with  less  supply  ratio  of  anions  relative  to  cations 
than  in  MBE.  Electron  densities  and  m.obilities  of  lxl0l''cm"j  and 
3P000cm2/Vs  for  InSb,  and  Ijxl'.'A^cm'^  DlOOOcm^/Vs  for  InAs  were 
obtained.  Irowth  beliavicrs  and  electronic  properties  of  layers  grown 
on  different  lattice  mas-m.atched  substrates  were  compared. 

1 .  Introduction 


InSb,  InAs  and  their  alloys  are  attractive  sem.i conductor  materials  for 
application  to  high-speed  devices  and  to  optoelectronic  devices  and  IC's 
in  the  longest  wavelength  infrared  region  of  all  III-V  compound  semi¬ 
conductors.  These  optoelectronic  devices  can  be  discrete,  as  some  of 
them  have  already  been  in  practical  application,  but  they  are  desired  to 
be  integrated  on  the  same  cliip  of  fi  IC  or  liigher  speed  DaAs  IC  to 
achieve  more  intelligent  functions  with  i.igher  sensitivity  and  higher 
speed.  It  is  then  required  to  develop  technologies  wliich  can  grow  these 
materials  epitaxially  at  low  temperatures  even  on  lattice  mis-natched 
substrates,  as  in  the  case  of  GaAs  on  fi  which  recently  has  been 
extensively  investigated. 

The  purpose  of  this  paper  is  to  comparatively  describe  the  growth 
behaviors  and  electronic  properties  of  InSb  and  InAs  grown  on  different 
substrates  by  plasma-assisted  epitaxy  (PAE)  in  hydrogen  plasma. 

2.  Plasma-Assisted  Epitaxy 

PAE  has  been  developed  for  the  low  temperature  epitaxial  growth  of  semi¬ 
conductor  crystals  by  supplying  atoms  with  enhanced  internal  energy  to 
activate  chemical  reaction  and  kinetic  energy  for  migration  on  the  grow¬ 
ing  surface  (Takenaka  et  al  I980).  Several  other  advantages  of  PAE, 
including  the  cleaning  effect  of  substrate  surface  at  low  temperatures 
(Hariu  et  al  I98I),  have  already  been  confirmed  (Hariu  et  al  1981*). 

Similar  PAE  apparatuses  as  described  elsewhere  (Hariu  et  al  1982)  were 
used  for  the  growth  of  the  present  InSb  and  InAs  layers.  6-nine  purity 
elemental  sources  were  used  and  supplied  from  resistively  heated 
crucibles  through  hydrogen  plasma  to  substrates.  The  use  of  hydrogen 
plasma  was  found  to  give  epitaxial  layers  of  much  better  quality 
compared  with  other  plasma  gases  (Cato  et  al  198U). 
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l  ii'ferent  i-ULL-,t,rateL:  includin/'  JaAu,  ;ni  ,  Ja.'t  and  I'i  *'<  rp  u.  t-i  to  com;  are 
t.M'  fi'laxat i on  of  lattice  rdo-n.atci:  and  tiie  electronic  jroiertie.;  of  /Tovn 
layer,'.  They  are  usually  oriented,  : 'at  .'.or.et ir.e.'  c.u:  otratec  with 

orientation  3  and  8  degrees  off  <100>  toward  ;  were  also  used.  After 
ciier.ical  otciiiio'  to  oitair.  riirror  surfaces,  tiiC  sutstrates  are  treated  in 
riydroren  ylasria  at  a  ter.reraturo  oi’  epitaxial  rrow-th  or  tolow,  to  remove 
native  oxide  layer.'  1',‘fore  ti.e  cro’Wtii  cf  ■  .Ar  layers. 


Ult,' 


it  was  fir.:t  ccr.fi rm.ed  tint  r.irror  surfaces  of  rrowr.  layers  can  le 
catained  in  tAii  witi.  less  .'upply  ratio  of  anions  relafve  to  cations  than 
in  .'-'.BE,  most  likely  d'ue  tc  ti.e  s.u[ ;  ly  cf  excited  atom.:;  or  molecules  in 
i'AK  (.Vatsu.fhita  et  al  l-h-SE).  For  example,  Mirgjtt  et  al  fld'i'S)  complained 
ti.at  in  ilBE  .‘'rowth  of  itiAs  on  Ihj’s,  As/ir.  supply  ratio  larrer  ti;an  ?0/l  is 
re-iuired  for  mirror-like  surface,  'tut  in  ■  AF  .As/in  ratio  around  ii/l  i:' 
-uffioient  as  far  a.s  tlie  surface  morplielegy  is  concerned.  Surface 
mori  iiologies  of  layers  grown  on  lattice  mis-tr.atched  sutstrates  witii  orien¬ 
tation  just  on  <100>  and  off  <100>  did  not  si.ow  remarkable  differences, 
as  far  as  they  were  observed  under  a  iiomar.ski  microscope,  however, 
conclusive  evaluation  has  not  been  derived  yet. 

Epitaxial  layers  were  obtained  in  quite  a  wide  ranre  of  substrate 
teitperat'ure ;  250-kbO'^C  for  InSb  and  3'00-55C°C  for  InAs.  It  was  alsc 
possible  to  grow  epitaxial  inAs  on  (lOO)Fi  after  the  surface  cleaning  was 
aci'iieved  in  hydrogen  plasma  at  530‘^C,  while  poly-crystalline  layer.;  grew 
on  El  without  thi.s  treatment. 


rirs.l  and  2  show  tile  variation  of  lattice  constants  and  iial f-wi dtlis  of 
(hOO)  .X-ray  diffraction  lines  cf  In£t  and  InAs,  respectively,  grown  on 
different  substrates, 
as  a  function  of  the 
tl.ickness  of  grown 
layers.  In  both 
cases,  the  tliickness 
above  Ipi.m  is  re(;uired 
for  ti.e  growth 
restoring  the  lattice 
constants  of  bulk, 
except  the  case  of 
InSb  on  GaSb.  In  tlic 
latter  case,  the 
difference  of  tiiemal 
expansion  coefficients 
is  considered  to  be 
responsible  for  the 
strain  even  in  thick 
layers.  However,  the 
deviation  of  lattice 
constants  of  grown 
layers  cannot  be 
systematically 
explained  only  in 
terms  of  the 
difference  of  thermal 
expansion  and/or  of 
lattice  constants. 


Fig.l  Tile  variation  of  lattice  constants 
(shown  by  X-ray  diffraction  angles)  and 
half-widths  of  diffraction  lines  of  InGb 
on  different  substrates  as  a  function  of 
thickness  of  grown  layers. 
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ii.  can  ne  su»:t->-^sted  that 
the  cor.bir.ation  of 
different  aniona  between 
rcubstratc  and  a  f’rown 
layer  leado  to  easier 
relaxat ion . 

l':,e  smaller  half-widths 
of  InSb  cn  lal'l  than  cn 
iaAs  and  of  inJis  on  in!' 
tiiari  on  laAs  can  be 
attributed  to  tiie 
smaller  lattice  mis¬ 
match  during.-  the  f’rowth. 

rif.3  sfiows  t!ie  similar 
variation  for  I  ruts 
layers  with  thickness 
of  about  2vim  as  a 
function  of  rrowth 
temperature.  Tiiis 
variation  does  not  come 
fro.m  the  difference  cf 
tiiermal  expansion 
coefficients,  tut  fro.m 
tiie  difference  of 
pTowth  beliaviors  at 
different  temperatures. 

I'ndoped  layers  of  both 
FAE-Inlb  and  -InAs 
siiowed  n-type 
conduction.  As  shown 
in  Fif.U,  layers  of 
similar  electronic 
property  were  obtained 
in  a  wide  range  of 
supply  ratio,  compared 
with  MBE  (Miggitt  et  al 
1978,  Yano  et  al  19T9, 
Kubiak  et  al  1981*).  It  is 
also  observed  that  the 
electronic  properties 
of  InAs  layers  grown  on 
InP  are  less  sensitive 
to  the  growth  conditions 
including  this  supply 
ratio,  compared  with  InAs 
on  GaAs. 


RLM  thickness  (pm) 


rig.I  I'he  variation  of  lattice  constants 
(shown  by  .X-ray  diffraction  angles)  and 
;.alf-widti’.s  of  diffraction  lines  of  InAs 
or.  different  substrates  as  a  function  of 
thickness  of  pirown  layers. 
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The  dependence  of 

electronic  properties  Fig* 3  The  variation  of  lattice  constants 

Of  InSb  and  InAs  on  (shown  by  X-ray  diffraction  angles)  and 

Substrate  temperature  half-widtntj  of  diffraction  lines  of  InAs 

are  shown  for  layers  grown  on  GaAs  as  a  function  of  growth 

grown  on  (lOO)  semi-  -emperature. 

insulating  GaAs  in 
Figs. 5  and  6, 
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As/In  atomic  ratio 


rif.U  Carrier  concentrations  and  Hall  mobilities  of 
n-tvfe  undopod  i  AH-lrjls  {*rown  on  semi-insulating 
(100)  iaAs  and  InP  at  as  a  function  of  supply 

ratio  As /In. 


respectively.  In  Fig. 5,  the  dependence  of  l/l-widths  of  (IjOO)  X-ray 
diffraction  lines  of  InSb  layers  on  substrate  temperature  is  also  included. 
The  corresponding  dependence  for  InAs  has  already  been  shown  in  Fig.3. 

The  variation  of  the  electronic  properties  has  the  same  tendency  with  the 
crystallographic  property  in  both  cases,  and  the  optimum  substrate 
temperature  with  applied  rf  power  of  SOW  in  this  case  are  about  SSO^C  for 
InSb  and  500°C  for  InAs. 

Table  I  summarizes  the  electronic  properties  of  the  best  InSb  and  InAs 
layers  on  different  substrates.  Further  optimization  of  deposition 
conditions  is  expected  to  result  in  further  reduction  of  epitaxial  growth 
temperatures  and  improvement  of  electronic  properties. 

b .  Conclusions 

InSb  and  InAs  epitaxial  layers  with  mirror  surface  were  grown  on  (lOO) 

GaAs,  InP,  GaSb  and  Si  at  relatively  low  temperatures  by  plasma-assisted 
epitaxy  in  hydrogen  plasma  with  less  supply  ratio  of  anions  relative  to 
cations  than  in  liBE.  Electron  densities  and  mobilities  of  lxl0^°cm~3  and 
39000cm2/Vs  for  InSb,  and  itxlOl^cin'S  and  SlOOOcm^/Vs  for  InAs  were 
obtained.  The  electronic  properties  were  not  so  critically  sensitive  to 
the  supply  ratio.  It  is  suggested  that  the  combination  of  different 
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anions  between  substrates  and 
grown  layers  can  contribute  to 
easier  lattice  relaxation  in 
epitaxial  growth  on  highly 
lattice  mis-matched  substrates. 
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.~ig.6  Carrier  concentrations  and  Hall 
mobilities  of  PAE-InAs  grown  on  semi- 
insulating  GaAs,  as  a  function  of 
substrate  temperature. 
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Fig. 5  (a)  Carrier  concentrations, 

(b)  Hall  mobilities  and  (c)  l/l4-widthL3 
of  (IfOO)  X-ray  diffraction  line.s  of 
PAF,-inSb  grown  on  r.cmi-insulating  GaAs, 
a-s  a  function  of  substrate  temperature. 
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Table  I  Electronic  properties  of  PAE-InSb  and  -InAs  on  different 
sal'strates . 
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Laser  selective  deposition  and  direct  writing  of  single  crystal  III  -  V 
compounds  films 


N  H  Karam  N  A  El-Masry  and  S  M  Bedair 

Electrical  and  Computer  Engineering  Department,  North  Carolina  State  University, 
Raleigh,  North  Carolina  27695-7911 

Abstract.  Laser  induced  chemical  vapor  deposition  (LCVD)  has  been  used  for 
the  first  time  to  selectively  grow  and  directly  write  single  crystalline  GaAs  and 
its  ternary  alloys  with  P  and  A1  on  GaAs  substrates.  Deposition  parameters 
were  adjusted  to  reach  growth  rates  low  enough,  typically  20  A/s,  for  epitaxial 
growth  to  take  place.  Multiple  scanning  was  found  to  improve  the  quality  of 
the  deposited  films  and  give  a  better  control  of  the  deposition  thickness. 

1.  Introduction 

Laser  induced  chemical  vapor  deposition  (LCVD)  has  been  the  subject  of  growing 
interest  due  to  its  potential  in  selective  epitaxy  of  optical  and  electronic  components. 
The  deposition  process  may  be  characterized  as  either  pyrolytic  or  photolytic  in  nature 
(Allen,  et.al.,  1984)  depending  on  the  reactants,  substrate  and  the  laser  wavelength. 
In  a  pyrolytic  (thermal)  process  the  laser  wave  length  is  selected  such  that  the  reac¬ 
tants  are  transparent  and  the  substrate  is  absorbent.  Hence,  focusing  the  laser  beam 
at  the  substrate  creates  a  localized  hot  spot  where  deposition  occurs  and  direct-writing 
is  achieved  by  scanning  the  laser  beam.  Examples  for  such  a  pyrolytic  process  were 
reported  for  C,  Si  and  Ni  by  Allen  (1981,  1984),  Bauerk,  et.al.  (1982)  and  Leyen- 
decker,  et.al.  (1981).  On  the  other  hand,  a  deposition  is  photolytic  in  nature  when  the 
substrate  is  transparent  while  the  reactants  are  absorbent  to  the  laser  power.  In  this 
case  the  deposition  can  be  achieved  at  lower  temperatures  as  for  the  case  of  Cd,  Zr 
and  A1  demonstrated  by  Ehrlich,  et.al.  (1981a,  1981b,  1982)  and  Froidevaux,  et.al. 
(1982,  1984). 

The  utilization  of  LCVD  direct  writing  has  been  largely  directed  towards  the  deposi¬ 
tion  of  metallic  elements  and  compounds.  Much  less  work  has  been  reported  on  LCVD 
of  III-V  compound  semiconductor.  For  example,  InP  was  deposited  on  InP,  GaAs  and 
quartz  substrates  by  Donnelly,  et.al.  (1984)  using  ArF  excimer  laser  v.'hile  GaAs  was 
deposited  on  GaAs  and  Si  substrates  (Bedair,  et.al.,  1986  and  Karam,  et.al.  (in  press)) 
More  recently  Christou  (1986)  reported  the  use  of  an  excimer  laser  to  recrystallize 
amorphous  GaAs  deposition  on  Si.  In  this  paper  we  will  elaborate  on  some  of  the 
results  we  have  obtained  on  laser  induced  chemical  vapor  deposition  of  GaAs  and  its 
alloys  with  P  and  A1  on  GaAs  substrates.  Particular  emphasis  is  directed  toward  the 
control  of  the  growth  parameters  for  epitaxial  deposition  of  the  above  compounds. 
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2.  Experimental 

The  experimental  set-up  for  LCVD  is  illustrated 
schematically  in  Figure  1.  The  experiment  was 
carried  out  in  a  specially  designed  vertical 
MOCVD  system  operated  at  atmospheric  pres¬ 
sure  and  was  previously  described  by  Bedair, 
et.al.  (1984).  GaAs  substrates  oriented  2°  off  the 
<100>  towards  <110>  were  irradiated  with 
an  Ar'*’  laser.  The  laser  beam  was  focused  on 
the  substrate,  that  is  thermally  biased  to  a  tem¬ 
perature  25°C  <  Tb  s  SOO^C,  using  a  lens  (focal 
length  =  2cm).  Laser  beam  scanning  was 
achieved  by  translating  the  focusing  lens  at  the 
desired  speed  using  a  computer  controlled  step¬ 
ping  motor. 

Trimethyl  Gallium,  TMG  (— 13"C)  or  Triethyl 
Gallium,  TEG  (— S^C),  Trimethy  Aluminum, 

TMA  (20‘’C),  PHj  (5%inHj,,  and  A3H3 
(5%  in  Hji  were  the  sources  used  for  Ga,  Al,  P 
and  As,  respectively.  The  flow  rate  of  Hj 
through  the  TMG  bubbler  was  in  the  range  1- 
2.5  seem,  TEG  bubbler  was  5-10  seem  and  TMA  0-40  seem.  The  ASH3  and  PH3  flow 
rates  were  in  the  range  20-200  seem  with  Hj  as  the  carrier  gas  which  maintains  the 
total  flow  in  the  reactor  at  —  4000  seem. 

3.  Results  and  Discussions 

Laser  indueed  chemieal  vapor  deposition  (LCVD)  and  direet  writing  of  GaAs  and  its 
alloys  with  P  and  Al  was  achieved  by  scanning  the  focused  laser  beam  relative  to  the 
sample,  resulting  in  deposition  in  the  area  that  is  locally  heated  by  the  Ar"''  laser.  The 
deposition  rate  and  composition  are  a  function  of  the  mole  fraction  of  the  reactants, 
the  laser  power  density  (p),  scanning  speed  (S)  and  substrate  bias  temperature  (T5). 
LCVD  allows  the  growth  rate  to  be  several  orders  of  magnitude  larger  than  the  con¬ 
ventional  CVD.  For  the  same  TMG  mole  fraction  (2.5  seem)  in  the  gas  phase  the 
growth  rate  achieved  by  low-scanning  speeds  is  about  400  A/sec  (Bedair,  et.al.,  in 
press).  This  is  fifty  times  larger  than  that  achieved  in  our  conventional  MOCVD 
experiments.  Such  an  extremely  high  growth  rate  is  accompanied  by  poor  crystalline 
quality  and  grainy  surface.  This  may  be  a  result  of  the  inefficient  oi'_t  diffusion  of  the 
reaction  products  (methane,  ethane,  TMG  complexes  and  carbon)  and  probably  their 
incorporation  in  the  deposited  film. 

Several  approaches  were  employed  to  decrease  the  growth  rate  of  GaAs  and  GaAsP  in 
order  to  be  comparable  to  that  of  conventional  MOCVD  and  eliminate  the  effect  of 
reaction  products  on  grown  films.  Low  growth  rates  can  be  achieved  by  reducing  the 
TMG  mole  fraction  in  the  gas  phase.  Figure  2  shows  two  single  scans  (A  and  B)  of 
GaAs  on  a  GaAs  substrate  at  p  =  3.8  x  10^  W/cm*,  S  =  20  |jim/s  and  T^  =  350°C. 


Figure  1.  Schematic  diagram  of 
a  laser  chemical  vapor  deposition 
apparatus. 


Epitaxial  growth 
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The  Hj  flow  in  the  TMG  bubbler  for  lines  (a)  and  (b)  is  2.5  and  1  seem.  It  was  found 
that  even  elose  to  the  minimum  bubbler  temperature  (-13°C)  and  minimum  reliable 
flow  rate  of  TMG  (~-  lee/min)  the  growth  rate  was  only  reduced  to  300  A/s  whieh  is 
an  order  of  magnitude  higher  than  eonventional  growth. 

A  seeond  approaeh  to  reduee  the  growth  rate 
was  to  reduee  the  laser  power  density.  However, 
for  a  given  power  density,  the  quality  of  the 
deposition  is  improved  by  reducing  the  exposure 
time  or  increasing  the  laser  scanning  speed. 

This  may  cause  some  difficulty  in  achieving  lines 
of  reproducable  thickness  when  very  low  laser 
power  density  is  used.  For  example,  at  p  of  the 
order  of  10^  W/cm^,  Tj,  in  the  range  of  375- 
500°C  and  S  =  0  no  laser  deposition  is  observed 
for  long  exposure  times  (15  mins.).  On  the 
other  hand  for  p  =  3.8  x  10^  W/cm^,  S  =  20 
p.m/sec  and  T(,  =  350°C,  rough  deposition  is 
achieved  that  is  several  microns  thick. 

The  third  approach,  which  we  believe  is  the 
most  successful  is  accomplished  by  using  fast 
scanning  speeds  S  =  100-200  p.m/3,  at 

moderate  power  densities 

p  =  1.5  X  10®  —  3.3  X  10^  W/cm®  and  Tj,  in  the 
range  375-500°C.  Shiny  lines  with  good  mor¬ 
phology  at  growth  rates  as  low  as  20  A/s  have 
been  obtained  and  by  multiple  scanning  any 
desired  thickness  can  be  achieved.  According  to  Lax  (1977),  the  estimated  substrate 
temperature  at  the  center  of  the  scanned  line  is  ~  600-700°C  depending  on  the  surface 
reflectivity.  Fast  scanning  does  remove  the  growth  (deposition  region)  surface  away 
from  the  reaction  products.  Using  a  diffusion  coefficient  for  the  reaction  products  of 
about  0.1  cm®/sec  and  laser  spot  sire  500  pm  these  species  will  take  about  10  sec  to 
diffuse  away  to  distance  that  is  to  say  twenty  times  the  size  of  the  reaction  region 
(twenty  times  is  just  an  aribitrary  number).  At  a  scanning  speed  of  200  pm/s,  for 
example,  the  laser  beam  crosses  the  500  pm  reaction  region  in  2.5  sec  which  is  shorter 
than  the  time  required  for  the  reaction  product  to  diffuse  away  from  the  deposition 
region.  Thus  reaction  products  will  not  interfere  with  the  deposition  process.  How¬ 
ever,  on  the  other  hand,  for  low  scanning  speed  of  10  pm/sec,  the  laser  beam  crosses 
the  deposition  region  in  50  sec.  In  this  case  the  reaction  products  do  not  have  enough 
time  to  diffuse  away  from  this  region,  and  thus  they  will  influence  the  quality  of  the 
deposited  films. 

The  optimum  scanning  speed  depends  also  on  the  laser  power  density.  For  example, 
as  shown  in  Figure  3,  at  a  scanning  speed  of  200  pm/s,  films  with  good  surface  mor¬ 
phology  are  obtained  at  laser  powers  of  4  and  5  watts  (Figure  3a  and  3b);  however,  6 
watts  power  gave  a  poor  surface  morphology  as  shown  in  Figure  (3-C).  The  maximum 
thickness  of  the  deposited  film  per  scanning  cycle  is  found  to  depend  on  the  laser 


Eig.UI.gJ2.  LCVD  single  scans  of 
GaAs  on  GaAs  substrate  at 
p  =  3.8  x  lO^W/cm®, 

T(,  =  350''C  and  S  =  20pm/s; 

a)  TMG  flow  =  2.5  seem, 

b)  TMG  flow  =  1  seem. 
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TABLE  I.  ClaAa  growth  rate  per  scan  as  a  runrtion  of  laser 
power  at  Tj,  =  3*5  C  ,  s  =  200pLm/a,  aiid  laser  spot  site 
=  SOOptm. 


Laser  power  (W) 

GaAs(U 

-1 

CaAs(2) 

5 

(:aA»(3) 

6 

Number  of  scans 

60 

60 

40 

Deposited  thickness/ scan  (AJ 

65 

130 

400 

Max.  growth  rate  (i^sec) 

26 

52 

160 

power  density  as  shown  in 
Table  I.  This  indicates 
that  the  deposition  process 
is  controlled  by  the  surface 
reaction  kinetics  and  the 
surface  temperature  rather 
than  the  mass  transport  as 
in  the  case  of  the  conven¬ 
tional  MOCVD. 

Transmission  electron 
microscopy  (XTEM)  was 
used  to  study  the  crystal 
quality  of  this  new  LCVD 
technique.  Figure  4  shows 
a  bright  field  image  of  a 
epitaxially  grown  LCVD 
line  at  g  =  400.  This  line 
was  grown  at 

p  =  15  X  10^  W/cm^ 

Tb  =  fiOO'C  and  S  =  200 
pm/s.  More  work  is  under 
way  to  study  the  struc¬ 
tural  defects  associated 
with  this  technique. 

3.1  GaAsP:  The  surface 
temperature  of  heated 
spots  or  lines  can  affect  the 
spatial  composition  of  ter¬ 
nary  alloys.  CaAs,  ,P, 
compound  is  a  good  candi¬ 
date  to  show  such  effect 
This  is  because  in  a  con¬ 
ventional  MOCVD.  t 
depends  criticallv  on  itu 
growth  leniperatiirc  foi  « 
given  AsHj  111  PH,  I.mo 
frartHcn  in  tlo  gw. 


(a)  (b)  (c) 


Figure  .3.  The  variation  of  the  deposited  GaAs  layer 
thickness  with  laser  power  density  at  T),  =  37.5''C. 
S  =  200|Am/s  and  laser  spot  sire  of  ,500pm; 
a)  4W,  b)  5W  and  c)  6W. 
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High  growth  temperatures  allows 
more  efficient  cracking  of  PH3  and 
thus  increases  the  value  of  x.  The 
spatial  distribution  of  P  across  a 
deposited  GaAsP  line  (500  p.m 
wide)  using  SIMS  is  shown  in  Fig¬ 
ure  5.  As  shown  in  this  Figure  the 
incorporation  of  P  in  the  deposited 
film  is  not  uniform  and  decreases  at 
the  boundaries  where  the  surface 
temperature  falls  to  that  of  the  sub¬ 
strate  bias  temperature 
(Tb  =  375“C).  This  temperature  is 
too  low  to  crack  PH3  and  the  value 
of  X  should  be  close  to  zero.  This 
nonuniform  composition  across  the 
scanned  GaAsP  line  can  cause  some 
limitations  for  this  LCVD  process. 


Eigai£_5.  Phosphorous  profile  of  GaAsP  on 


GaAs  by  SIMs. 

Nonuniformity  can  be  reduced  by  using  a  laser 
beam  with  uniform  intensity  rather  than  the  gaussian  profile. 


3.2  AlGaAs:  Epitaxially  AlGaAs  was  grown  on  GaAs  substrates  using  the  multiscan 
technique  with  compositions  up  to  25%  A1  measured  by  the  electron  micro  probe 
(EMP).  This  was  achieved  at  constant  S  =  200  fjtm/s,  p  =  1.5  x  10®  W/cm*, 
T(,  =  500°C  and  at  flow  rates  of  TMG  and  A,  H3  of  1  and  20  seem  respectively. 
Increasing  tha  flow  rate  of  TMA  results  in  increasing  A1  concentration  in  the  LCVD 
deposition  with  40  seem  corresponding  to  25%  Al. 


In  conclusion,  epitaxial  GaAs  and  its  ternary  alloys  with  P  and  Al  was  selectively 
grown  for  the  first  time  with  LCVD  direct  writing  technique.  Photoluminescence  and 
XTEM  show  that  the  material  grown  is  comparable  to  that  of  conventional  MOCVD. 
Controlling  the  growth  parameters  coupled  with  the  multiscan  technique  provide 
better  control  over  the  grown  crystal  quality  and  the  thickness.  The  deposition  pro¬ 
cess  is  believed  to  be  pyrolytic  in  nature  and  controlled  by  the  surface  kinetics. 
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Optical  characterisation  of  high  purity  GaAs  and  InP  grown  by  vapor 
levitation  epitaxy 


B  J  Skromne,  H  M  Cox,  and  S  G  Hummel 

Bell  Coimiunications  Research,  Red  Bank,  NJ  07701 

Abstract.  Low  temperature  photoluminesoence  measurements  have  been  used 
to  characterize  GaAs  and  InP  grown  using  chloride  transport  in  conjunction 
with  novel  single  phase  source  techniques  in  both  VLB  and  conventional  VPE 
reactors.  Analysis  of  the  exciton  spectra  indicates  that  the  material  is 
of  high  purity;  selective  pair  luminescence  and  resonantly-excited  two-hole 
transitions  are  used  to  identify  residual  C  and  Zn  acc^tors.  Growth  rates 
and  residual  acceptor  incorporation  are  relatively  insensitive  to  varia¬ 
tions  in  growth  parameters,  rendering  these  techniques  highly  suitable  for 
the  controlled  growth  of  alloys. 

1.  Introduction 

Vapor  levitation  epitaxy  (VLB)  is  a  new  approach  to  vapor  phase  epitaxy 
(VPE)  in  which  the  substrate  is  suspended  above  the  growth  apparatus  by  the 
flowing  growth  vapors  (Cox  1984).  As  presently  inplemented,  the  VLB  system 
requires  a  hot  wall  (exothermic)  deposition  process  such  as  the  trichloride 
or  hydride  techniques.  In  order  to  achieve  high  purity  material  while 
simultaneously  avoiding  the  intrinsic  instabilities  of  conventional  satu¬ 
rated  (two-phase)  sources  (Shaw  1971,  Miers  1983),  we  have  employed  var¬ 
iants  of  the  trichloride  transport  technique  where  only  single  phase 
sources  of  liquid  Ga(ln)  and/or  solid  GaAs(InP)  are  used.  These  techniques 
are  easily  extended  to  the  controlled  growth  of  alloy  materials  with  uni¬ 
form  and  repeatable  composition.  In  the  following,  we  present  the  results 
of  electrical  and  photo  luminescence  (PL)  measurements  which  demonstrate 
that  the  material  thus  grown  is  of  high  electrical  and  optical  quality. 
Under  optimum  conditions,  the  sensitivity  of  growth  rates  to  variations  in 
the  growth  parameters  is  shown  to  be  weak.  In  addition,  the  residual 
shallow  acceptor  species  are  positively  identified  in  each  case  and  their 
incorporation  is  shown  to  be  nearly  independent  of  growth  conditions. 

2.  Experimental 

The  design  and  construction  of  the  VLE  system  used  in  this  study  have  been 
described  elsewhere  (Cox  et  al.  1986);  the  conventional  VPE  system  is 
similar  to  that  described  previously  by  Cox  et  al.  (1985).  Two  different 
single  phase  sources  were  used  for  the  GaAs  growths.  In  the  first  tech¬ 
nique,  H2  and  HCl  obtained  from  the  pre-cracking  of  ASCI3  at  800°C  is 
passed  over  a  liquid  Ga  source  and  the  resulting  GaCl  is  combined  with  a 
separate  flow  of  AsCl^  in  H2  which  bypasses  the  source  boat.  The  tempera¬ 
tures,  mole  fractions  of  the  reactants,  and  other  relevant  growth  parame¬ 
ters  used  with  this  technique  ate  listed  in  the  first  column  of  Table  I. 
It  should  be  noted  that  the  furnace  temperature  profile  was  varied  from 
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Table  I.  Growth  conditions 


Tq  (°C) 

[HCII  (Ga/In) 

[AsClo]  (bypass) 
(AsCl^/PCl-il  (GaAs/InP) 
III/V 

Total  flow  (scan) 
Substrate  type 

Substrate  orientation 


GetAs 

InP 

1st  technique 

2nd  technique 

(VPE)  (VLB) 

(VLB) 

(VLB) 

708-800  800 

750 

750,650,600 

680-700  700 

9.4x10"3  6x10”^ 

650 

650,550,500 

— 

0-1.0xl0"2 

0.31-4.6x10"^  1x10"^ 

— 

— 

— 

5x10"2 

0.74-1.7x10"^ 

2.0-30  6.0 

=0.67 

0.75-3.4 

640  1500 

2500 

1500 

n'*'  or  Cr-doped  SI 

Cr-doped  SI 

S-doped  n'*'  or 

6°  off  (100) 

6®  off  (100) 

Fe-doped  SI 
3®  off  (100) 

approximately  flat  to  a  substantial  gradient;  the  III/V  ratio,  which  is 
directly  controllable  by  changing  the  [HCl]  (Ga)/[AsCl3]  (bypass)  ratio,  was 
varied  over  a  considerable  range.  It  should  be  noted  that  the  amount  of 
HCl  introduced  to  the  deposition  zone  (from  cracking  of  the  ASCI3  bypass 
flow)  varies  proportionally  to  the  Ill/V  ratio. 


In  the  second  technique,  ASCI3  in  H2  is  sinply  passed  directly  over  single 
crystal  GaAs  source  material  as  described  previously  (Cox  et  al.  1985).  The 
conditions  employed  in  the  VLB  system  using  this  technique  are  given  in  tl>e 
second  column  of  Table  I.  The  III/V  ratio  with  this  technique  is  fixed  by 
the  source  reaction  efficiency  which  was  taken  to  be  0.67  for  the 
calculation  (Shaw  1975). 


The  source  technique  employed  for  the  InP  growth  in  the  VLB  system  was 
described  previously  by  Cox  et  al.  (1985).  A  flow  of  PCI3  W  H2  is  used  to 
transport  polycrystalline  InP  source  material  (MCP,  n=3xl0^^  cm“^).  Addi¬ 
tional  InCl  is  generated  by  passing  a  separate  flow  of  HCl  in  (derived 
from  pre-cracking  of  ASCI3)  over  an  In  source;  the  III/V  ratio  can  be 
adjusted  by  changing  the  ratio  of  the  two  flows.  Growth  conditions  are 
listed  in  Table  I.  The  IIIA  ratios  were  calculated  assuming  the  source 
reactions  go  to  completion  (Shaw  1975).  For  one  sanple,  HCl  derived  from 
PCI3  was  used  to  transport  the  In;  comparable  results  were  obtained. 

The  PL  was  excited  using  an  Ar-pumped  dye  laser  and  LDS  821  dye;  a  1.0  m 
double  spectrometer,  cooled  GaAs  and  S-1  photomultipliers,  and  photon 
counting  detection  were  en^ployed.  Resolution  was  typically  0.07  8  for  the 
exciton  spectra  and  0.7  8  elsewhere.  The  data  were  acquired  using  a  comput¬ 
er  and  corrections  were  made  where  necessary  for  system  response  as  a 
function  of  wavelength.  Samples  were  suspended  strain-free  in  superfluid 
He. 


3.  GaAs  (Jiaracterization  Results 

Electrical  and  PL  characterization  was  employed  to  compare  the  quality  of 
the  best  material  produced  with  each  of  the  single  phase  source  techniques. 
In  Fig.  1  we  show  exciton  spectra  recorded  under  the  same  measurement 
conditions  for  each  of  four  samples.  The  peaks  are  labeled  following  Heim 
and  Hiesinger  (1974).  The  FWHM  of  the  (D°,X)  peaks  for  the  VLB  and  VPE 
samples  grown  using  a  Ga  source  and  ASCI3  bypass  (2nd  and  4th  spectra  from 
top)  are  0.17  and  0.13  meV,  respectively,  indicating  very  high  purity.  The 
PL  data  are  particularly  useful  in  evaluating  these  layers  since  Hall 
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effect  measurements  were  not  possible  on  either  (the  former  was  grown  on  an 
n*  substrate  and  the  latter  was  so  thin  as  to  be  totally  depleted).  For 
comparison,  a  sample  grown  using  a  saturated  Ga  source  in  the  same  VPE 
reactor  with  the  same  source  materials  is  shown  in  the  3rd  spectrun.  This 
sample  has  a  (D°,X)  of  0.15  meV  and  a  77  K  Hal  1  mobility  of  164,000 
cm^/Vs  for  n=1.3xl0^^  cm“^.  The  two-electron  transitions  (D°,X)p_2  are 
somewhat  better  resolved  in  this  reference  scunple,  but  otherwise  the  sam¬ 
ples  grown  with  the  single  phase  Ga  source  appear  to  compare  quite  favor¬ 
ably  in  purity.  The  uppermost  spectrum  for  a  scutiple  grown  with  the  solid 
GaAs  sour^  has  a  (D°,X)  of  0.26  meV;  the  77  K  mobility  is  measured  as 
92,000  cm^/Vs  and  n=4xl0^’  cm”^.  This  sample  is  significantly  less  pure 
than  the  others  but  is  still  to  our  knowledge  the  highest  purity  GaAs  ever 
reported  with  this  technique. 

In  order  to  positively  identify  the  residual  shallow  acceptor  species  char¬ 
acteristic  of  the  single  phase  source  techniques,  selective  pair  lumine¬ 
scence  (SPL)  measurements  were  employed  (Tews  and  Venghaus  1979,  Hunter  and 
McGill  1982,  Kisker  et  al.  1983).  In  Fig.  2  we  show  SPL  spectra  recorded 
for  four  different  excitation  wavelengths  for  a  sample  grown  with  a  solid 
GaAs  source.  A  full  set  of  excited  states  of  Zn  acceptors  are  observed, 
with  energies  in  excellent  agreement  with  previous  work  (Kisker  et  al. 
1983).  No  evidence  is  seen  for  other  shallow  acceptor  species  in  this 
sample.  Resonant  enhancement  of  the  very  sharp  Zn  two-hole  (TH)  transition 
(Ashen  et  al.  1975)  occurs  as  the  laser  is  tuned  through  the  (A°,X)  peaks. 
A  doublet  splitting  of  the  2sj ^2  state  resulting  from  the  axial  donor- 
acceptor  interactions  at  small  separation  distances  is  observed  in  the 
bottom  spectrum;  analogous  observations  were  reported  in  InP  (Dean  et  al. 
1979)  but  this  effect  has  not  previously  been  reported  in  GaAs. 

Similar  SPL  measurements  were  used  to  identify  the  principal  residual  shal¬ 
low  acceptors  in  samples  grown  with  the  single-phase  Ga  source  as  C  and  Zn. 
The  Zn  (D°-A°)  peak  is  typically  about  20X  weaker  than  the  C  peak  under 
non-selecti ve  excitation  in  samples  grown  with  well-baked  source  materials. 
This  result  holds  regardless  of  source  temperature  or  III/V  ratio,  except 
at  the  lowest  value  of  the  latter  where  Zn  incorporation  is  enhanced.  In 
nearly  all  of  these  samples,  the  shallow  acceptor  peaks  were  roughly  50- 
100X  weaker  than  the  near  band-edge  exciton  peaks,  suggesting  that  deep 
acceptors  may  contribute  most  of  N^. 

The  variations  of  growth  rate,  carrier  concentration  (measured  from  C-V 
profiling),  and  {D°,X)  fVlHM  are  plotted  in  Fig.  3  as  a  function  of  the  mole 
fraction  of  AsCl^  introduced  directly  into  the  deposition  zone.  The  drop 
in  growth  rate  at  low  (AsCl,I  is  due  to  insufficient  mass  transport  of  As, 
while  the  drop  at  high  [AsCIj)  is  a  thermodynamic  effect  of  the  excess  HCl, 
in  agreement  with  Chatterjee  et  al.  (1982).  It  is  apparent  that  a  large 
range  exists  where  the  growth  rate  is  relatively  insensitive  to  (AsClj), 
which  is  highly  desirable  for  reproducibility.  > 

It  appears  tfiat  tfie  donor  incorporation,  as  indicated  by  the  carrier  con¬ 
centration  and  the  (D°,X)  FVIHM,  peaks  sharply  at  a  mole  fraction  of  about 
8x10“  ,  However,  the  sharpness  of  the  peak  is  probably  exaggerated  by  the 
fact  that  the  corresponding  sample  was  the  first  layer  ever  grown  in  this 
reactor.  Impurities  such  as  S  which  later  baked  out  of  the  source  materi¬ 
als  may  therefore  have  contributed.  The  same  growth  conditions  were  not 
repeated  in  later  runs.  We  speculate  that  the  drop  in  donor  incorporation 
as  [AsCljl  increases  is  due  to  a  conventional  "mole- fraction  effect"  on  Si 
incorporation  by  the  excess  HCl  (see  Mull  in  (1977)  and  references  therein). 
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The  same  three  parameters  as  in  Fig-  3  were  measured  as  a  function  of 
source  temperature  (Tg)  with  constant  (A9Cl3l=1.56xl0“^,  The  growth  rate 
is  constant  to  within  5%  for  Tg=708-800°C,  which  is  not  surprising  since 
the  reaction  with  the  Ga  should  be  complete  (Stew  1975).  The  average  value 
of  n  drops  from  2x10^^  to  5x10^’  i-o  4xl0^’cm“^  as  Tg  drops  from  800  to  750 
to  700°C;  corresponding  values  of  (i'°,X)  fViHM  are  0.46,  0.22,  and  0.16  meV. 
This  type  of  effect  was  previously  •  ited  in  experiments  with  various  single 
flat  temperature  zone  methods  (KouK  tu  et  al.  1979)  and  is  attributed  to  a 
reduction  in  the  generation  of  ch  lorosi  lanes  in  the  source  zone  which 
lecKls  to  a  reduction  in  Si  donor  contamination. 

4.  inP  Character i zat i on  Results 

An  exciton  spectrum  for  a  moderately  thiclc  (8  ^m)  InP  layer  grown  on  a 
sani- insulating  substrate  is  shown  in  Fig.  4.  Excellent  resolution  of  the 
various  pealrs  is  observed,  comparable  to  that  achieved  in  very  high  purity 
layers  grown  using  the  conventional  saturated  In  source  (Dean  and  Slcolniclt 
1983).  This  particular  layer  is  totally  depleted  but  a  layer  with  a  simi¬ 
lar  exciton  spectrum  has  a  77  K  mobi  1  ity  of  75,300  cm^/Vs  and  n=2xl0^^ 
cm”-^.  The  exciton  spectrum  compares  quite  favorably  with  those  recently 
reported  for  high  purity  InP  samples  grown  by  MOCVD  which  have  considerably 
higher  77  K  mobilities  (Di  Forte-Poisson  et  al.  1985  and  Zhu  et  al.  1985). 
An  accurate  comparison,  however,  would  require  PL  measurements  performed 
under  the  same  experimental  conditions. 

Exciton  spectra  were  examined  for  a  series 
of  thin  (1-2  pm)  layers  grown  on  n*  sub¬ 
strates  over  the  range  of  growth  condi¬ 
tions  described  in  Table  I.  None  of  the 
spectra  of  layers  on  n'*’  substrates  were  as 
well  resolved  as  that  of  Fig.  4,  possibly 
due  to  out-diffusion  from  the  substrates. 

No  consistent  trends  in  spectral  quality 
as  a  function  of  mole  fractions  were  ob¬ 
served,  indicating  that  inpurity  incorpor¬ 
ation  is  apparently  largely  independent  of 
III/V  ratio,  etc.  The  sample  grown  with 
Tg=650  and  Tq=550°C  fell  within  the  range 
or  those  grown  at  higher  temperatures,  but 
the  sample  grown  at  600/500°C  displayed 
much  wea)ter  and  broader  peaks. 

The  residual  acceptor  in  the  InP  layers 
was  positively  identified  as  Zn  in  all 
cases  using  SPL  and  resonantly-excited 
two-hole  transitions.  An  example  of  both 
resonantly  and  non-resonant ly  excited 
spectra  is  given  in  Fig.  5.  With  above¬ 
band-gap  excitation  at  moderately  high 
intensities,  the  Zn  (TH)  peak  is  only  just 
discernible  (uppermost  spectrum).  As  the 
laser  is  tuned  into  resonance  with  one  of 
the  (A°,X)  components,  the  corresponding 
sharp  TH  peak  corresponding  to  Zn  accep¬ 
tors  (White  et  al.  1972)  is  resonantly 
enhanced;  weaker  SPL  peaks  are  simulta¬ 
neously  observed.  As  the  laser  is  tuned 
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to  lower  energies,  the  broader  SPL  peaks  corresponding  to  various  excited 
states  of  Zn  acceptors  (Dean  et  al.  1979)  become  stronger.  Under  low- 
intensity  above-band-gap  excitation  (bottom  ^>ectrixn)  the  non-selective 
(D‘’-A^  peak  is  quite  narrow  and  no  other  acceptor  peaks  are  observed. 

The  strength  of  the  Zn-related  peaks  was  found  to  be  a  strong  function  of 
the  baking  of  the  InP  source  material  after  loading.  The  ratio  of  Zn 
(A°,X)  to  (D°,X)  peak  heights  decreased  steadily  in  one  case  from  6.0  for 
the  first  run  after  loading  a  new  source  to  0.33  for  the  fourth  run  (total 
hot  time=115  min  at  750®C).  Baking  of  the  InP  between  runs  is  not  per¬ 
formed  because  of  the  P  loss  that  would  result.  The  peak  height  ratio  is 
reduced  to  around  0.06  after  a  large  number  of  runs. 

5.  Conclusions 

We  have  demonstrated  the  capability  of  growing  high  purity  GaAs  and  InP  by 
both  VLE  and  conventional  VPE  using  novel  single  phase  source  techniques 
which  can  be  readily  extended  to  the  controlled  and  reproducible  growth  of 
alloys.  While  not  discussed  here,  these  sanples  were  grown  under  condi¬ 
tions  viiich  also  yield  excellent  surface  morphology  and  uniformity  (Cox  et 
al.  1986),  and  are  thus  quite  practical  for  device  production.  We  have 
shown  that  growth  rates  and  residual  aicceptor  incorporation  are  relatively 
insensitive  to  changes  in  growth  conditions,  which  is  highly  desirable  from 
the  point  of  view  of  process  control.  The  residual  shallow  acceptors  have 
been  identified  and  necessary  baking  steps  after  source  loading  have  been 
noted.  Finally,  we  note  that  no  toxic  gases  or  pyrophoric  liquids  are  re¬ 
quired  for  growth,  in  light  of  recent  increased  concern  over  safety. 
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Growth  of  Gai_;rInj[As  layers  with  excellent  compositional  uniformity  on 
InP  by  OMVPE 
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Advanced  Semiconductor  Devices  R  &  D  Department, 
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1-3  Shimaya  1-chome,  Konohana-ku,  Osaka  554,  Japan 

Abstract .  Ga]_xInj,As  layers  with  excellent  compositional  uniformity 
have  been  obtained  on  2  inch  diameter  InP  substrates  by  reduced 
pressure  organometa 1 1 ic  vapor  phase  epitaxy.  The  reproducibility  of 
composition  in  run-to-run  was  also  excellent. 

I .  Introduction 

Ga|-xInxAs  lattice-matched  to  InP  is  a  promising  material  for  the  fabrica¬ 
tion  of  high  speed  transistors,  optoelectronic  devices  operating  in  the 
wavelength  of  1.3  -  1.55  Um,  and  optoelectronic  integrated  circuits. 

For  these  applications,  organometal 1 ic  vapor  phase  epitaxy  (OMVPE)  is  one 
of  the  most  advantageous  growth  methods  in  respect  of  the  controllability 
of  layer  thickness  and  composition  (Razeghiet  al.  1983,  Smeets  et  al. 
1986),  large  area  growth,  and  high  throughput.  In  this  paper,  we  report 
OMVPE  growth  of  Gai-xInxAs  layers  with  excellent  compositional  uniformity 
on  2  inch  diameter  InP  substrates.  The  compositional  uniformity  of  the 
Ga|_xItixAs  epilayers  was  evaluated  by  double  crystal  x-ray  diffraction  and 
photoluminescence  measurement . 

2.  OMVPE  Growth 


Ga]-xInxAs  epilayers  were  grown  directly  on  a  2  inch  diameter  Fe-doped  InP 
substrate  oriented  2”  off  the  (100)  in  a  water-cooled  vertical  reactor  at 
reduced  pressure.  Triethylgal 1 ium  (TEG),  trimethyl  indium  (TMl)  and  arsine 
(AsH3,  10  %  in  H2)  were  used  as  the  starting  sources,  and  were  introduced 
together  with  the  carrier  gas  into  the  reactor  from  the  top.  The  sub¬ 
strate  was  positioned  perpendicular  to  the  gas  stream  on  a  RF-heated  carbon 
susceptor.  Hydrogen  was  used  as  the  carrier  gas.  I  -  2  Um-thick  epi¬ 
layers  were  typically  grown  under  the  conditions  listed  on  Table  1. 

Table  I.  Typical  growth  conditions. 


Growth  temperature 

600,  650  and  700°C 

Growth  pressure 

60  Torr 

Total  gas  flow  rate 

3,4  slm 

TEG  flow  rate 

2.6  X  10"^ 

mole/min 

TMI  flow  rate 

3.5  x  10"^ 

mole/min 

AsH3  flow  rate 

5.4  X  10“^ 

mole/min 

V/III 

90 

Growth  rate 

1  ym/hr 

Substrate  rotation  rate 

12  rpm 
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As  shovm  in  Fig.  1,  the  controllability 
in  composition  of  the  epilayers  was  ex¬ 
amined  by  measuring  the  lattice  mismatch 
to  the  InP  substrate  for  the  epilayers 
grown  at  different  TMI  flow  rates  with 
the  constant  TEG  flow  rate.  The  linear¬ 
ity  of  the  lattice  mismatch  against  the 
composition  broke  due  to  the  misfit  dis¬ 
locations  at  the  large  lattice  mismatch 
in  the  InAs-rich  region  in  Fig.  1. 

The  variation  of  epilayer  thickness  was 
less  than  +4  %  against  the  mean  epilayer 
thickness  over  a  2  inch  diameter  wafer. 
The  morphology  of  the  epilayers  showed 
a  mirrorlike  surface. 


Fig.  1.  The  lattice  mismatch 
as  a  function  of  TUI  flow  rate. 


3 .  Results 

Fig.  2  shows  the  variation  of  lattice  mismatch  to  the  InP  substrate  in 
each  epilayer  grown  at  different  growth  temperatures  of  600,  650  and  700°C. 
Other  growth  conditions  except  for  the  growth  temperature  were  kept  con¬ 
stant  in  the  growth  of  the  epilayers  shown  in  Fig.  2.  The  best  composition¬ 
al  uniformity  was  obtained  from  the  epilayer  grown  at  600°C.  On  the  other 
hand,  the  epilayers  grown  at  650  and  700'’C  showed  the  unfavorable  variation 
of  composition  in  the  GaAs-rich  region  although  the  tendencies  of  the  vari¬ 
ation  in  composition  were  different  from  each  other.  The  variation  of 
composition  in  the  epilayers  grown  at  650  and  TOO’C  was  considered  to  be 
caused  by  the  depletion  of  TMI  in  the  gas  phase  above  the  hot  substrate. 


In  order  to  evaluate  the  accurate  variation  of  lattice  mismatch  in  the 
epilayer  grown  at  600°C,  we  have  grown  an  intentionally  lattice-mismatched 
epilayer.  In  a  latt  i'^e-mismatched  epilayer,  we  can  evaluate  the  accurate 
lattice  mismatch  of  the  epilayer  to  the  substrate  from  the  separated  x-ray 
diffraction  peaks  of  the  epilayer  and  the  substrate.  As  shown  in  Fig.  3, 
the  variation  of  lattice  mismatch  to  the  InP  substrate  was  less  than 
1.5  X  10"^  in  the  2  inch  diameter  epilayer  grown  at  600°C,  which  corre¬ 
sponded  to  the  variation  in  composition  of  less  than  0.1  %  mole  fractions 
in  consideration  of  the  tetragonal  distortion. 


RAOUS  emm] 

Fig.  2.  The  variation  of  lattice  Fig.  3.  The  variation  of  composition 
mismatch  in  Gat-x^ti^As  epilayers  in  an  intentionally  lattice-mismatched 

grown  at  600,  650  and  700°C.  Ga|-xInxAs  epilayer  grown  at  600°C. 
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A  narrow  x-ray  diffraction  peak  of  the  epilaycr  was  observed  over  the 
whole  substrate  area.  The  typical  x-ray  rocking  curve  of  an  intentionally 
lattice-mismatched  epilayer  on  the  InP  substrate  is  shown  in  Fig.  4. 

The  full  width  at  half  the  maximum  (FWHM)  of  the  (400)  reflection  from  a 
2  um-thick  epilayer  was  as  narrow  as  16  arcsec,  and  was  comparable  to  the 
FWHM  of  the  InP  substrate.  We  also  observed  the  FWHM  of  20  arcsec  for  a 
1  ym-thick  epilayer.  These  narrow  FWHM  of  the  epilayers  indicate  that 
the  compositional  uniformity  of  the  epilayers  depthwise  was  also  excellent. 
In  addition,  so  far  as  we  are  aware,  these  FWHM  are  the  narrowest  that 
were  ever  reported  for  Gai-xlnxAs  epilayers  grown  by  any  method. 

We  performed  the  photoluminescence  measurements  at  4.2  K  for  the  epilayers 
with  the  excellent  compositional  uniformity.  As  shown  in  Fig.  5, 
an  excitonic  transition  peak  with  the  FWHM  as  narrow  as  1.5  meV  was 
observed.  This  narrow  FWHM  of  the  excitonic  transition  peak  was  consistent 
with  the  uniformity  results  obtained  by  x-ray  diffractions. 


Fig.  4.  The  x-ray  rocking  curve 
of  an  intentionally  lattice- 
mismatched  Ga]_xInxAs  epilayer. 
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Fig.  5.  The  photoluminescence 
measurement  of  a  Gai-^InxAs 
epilayer  at  4.2  K. 


Further,  we  evaluated  the  reproducibility  of  composition  in  run-to-run  for 
17  growth  runs  which  were  performed  over  a  period  of  4  months  under  the 
same  lattice-matching  growth  conditions.  As  shown  in  Fig.  6,  almost  all 
epilayers  except  for  2  epilayers  exhibited  the  only  one  double  crystal 
x-ray  diffraction  peaks  with  the  narrow  FWHM  of  15  -  22  arcsec. 

The  variation  of  lattice  mismatch  in  17  growth  runs  was  less  than  3  x  10”^, 
which  corresponded  to  the  variation  in  composition  of  less  than  0.2  %  mole 
fractions.  „ 


Fig.  6.  The  reproducibility 
of  composition  in  run-to-run 
for  17  growth  runs  performed 
under  the  same  lattice- 
matching  growth  conditions. 
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4 .  Summary 

We  demonstrated  the  growth  of  Gai-xInxAs  layers  with  excellent  composition¬ 
al  uniformity  over  the  area  of  a  2  inch  diameter  InP  substrate  by  reduced 
pressure  OMVPE  using  TEG,  TMI  and  ASH3  in  a  vertical  reactor.  The  composi¬ 
tional  uniformity  in  a  wafer  and  the  reproducibility  of  composition  in 
run-to-run  of  the  Gai-xInxAs  layers  described  here  would  be  sufficient  for 
the  production  of  optoelectronic  devices. 
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Double-injection  induced  conductivity  between  n  and  p  contacts  to  semi- 
insulating  GaAs:  Experiment  and  numerical  simulation 


L.  D.  Flesner,  M.  O'Brien,  A.  K.  Nedoluha,  R.  Zuleeg*,  A.  H.  Guerreros  and 
Claude  H.  Penchina+ 
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Abstract .  Two-dimensional  simulations  of  current-voltage  (I-V)  and 
ionization  induced  current  between  co-planar  n-type  and  p-type  contacts 
on  semi-insulating  (SI)  GaAs  are  compared  with  experimental  data. 
Possible  outdiffusion  of  deep  levels  in  a  thin  layer  near  the  surface 
is  considered,  although  the  surface  interface  is  treated  as  ideal. 
Simulated  and  experimental  results  agree  in  many  respects  despite 
simplifying  assumptions  in  the  model. 

1 .  Introduction 

Motivation  for  studying  contact  junctions  to  semi-insulating  (SI)  GaAs  and 
conduction  between  contacts  is  provided  by  the  need  for  electrical 
isolation  between  circuit  elements  in  integrated  circuits.  A  well-known 
problem  is  the  so-called  backgating/sidegating  effect  wherein  a  bias 
applied  to  a  contact  is  observed  to  affect  the  current  in  a  proximate 
transistor.  Also  there  is  a  requirement  for  tolerance  to  ionizing 
radiation  which  might  be  encountered  in  space.  The  sidegating  effect  is 
dependent  upon  the  properties  of  the  channel-substrate  Junction  [Kocot 
1982)  and  upon  the  conductance  between  the  contacts.  The  onset  of 
sidegating  has  been  associated  with  the  onset  of  space-charge  limited 
current  (Lee  1982]  but  the  threshold  voltage  is  generally  much  less  than 
would  be  expected  from  bulk  properties,  and  one  explanation  which  has  been 
advanced  is  loss  of  deep-levels  (EL-2)  near  the  surface  [Chang  1984a)  . 
This  effect  has  been  modeled  analytically  |Chang  1984bj  by  assuming  a  thin 
layer  with  reduced  trap  density  bounded  top  and  bottom  by  uniform  constant 
potentials.  One-dimensional  numerical  simulations  have  also  been  reported 
(Horio  1984). 

In  this  paper  we  describe  two-dimensional  simulations  based  on  a  model 
similar  to  that  proposed  by  Chang  and  Lee.  A  two-dimensional  simulation 
takes  into  account  the  trapping  which  occurs  above  and  below  a  degraded 
layer,  which  would  strongly  influence  the  layer  conductance  if  the 
thickness  is  less  than  the  Debye  length.  For  the  initial  work  to  be 
described  the  surface  is  treated  as  an  ideal  interface,  with  the  sample 
effectively  mirrored  at  the  surface  plane.  The  surface  layer  is  therefore 
bounded  by  two  SI  bulk  regions  rather  than  by  SI  bulk  below  and  surface 
states  of  surface  states.  This  is  unrealistic  for  GaAs,  which  is  known  to 
have  a  large  density  of  surface  states.  However,  this  assumption  does 
facilitate  investigation  of  the  effects  of  a  thin  layer  with  reduced 
impurities  without  additional  complications. 

The  simulated  results  are  compared  with  experimental  measurements  on 
devices  fabricated  by  ion-implantation  into  nominally  undoped 
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liquid-encapsulated  Czochralski  (LEC)  substrates.  The  devices  are 
coplanar  n-  and  p-  type  contacts  100  micrometers  vide  with  separations  of 
2,  4,  8  and  16  micrometers.  They  were  fabricated  by  the  HcDonnell-Douglas 
Microelectronics  Center  using  processing  similar  to  that  for  Junction 
field-effect  transistor  integrated  circuits  (Troeger  1979]. 

2.  Mathematical  Model 

The  steady  state  simulation  uses  the  semi-classical  drift-diffusion 
approach.  This  involves  a  simultaneous  solution  of  three  coupled 
non-linear  differential  equations:  the  Poisson  Equation,  and  the 
Continuity  Equations  for  electrons  and  for  holes.  The  electron  and  hole 
currents  are  determined  from  field-dependent  mobilities  and  the  gradients 
of  quasi-Fermi  potentials  (vanVliet  1980]. 

Generation  and  recombination  processes  at  deep  traps  are  handled  by  means 
of  Shockley-Read-Hall  statistics  [Hall  1952,  Shockley  1952).  Since  for  SI 
material  the  free  carrier  concentrations  may  be  very  small,  space  charge 
on  the  deep  traps  is  fully  accounted  for  in  the  Poisson  equation.  This 
important  detail  is  frequently  neglected  in  numerical  modeling  of 
semiconductor  devices  (Svierkovski  1984,  Alvin  1976). 

The  SI  properties  of  nominally  undoped  LEC  GaAs  are  attributed  to 
compensation  of  shallov  acceptor  impurities  (primarily  carbon)  by 
intrinsic  deep  donors  (primarily  EL-2)  (Holmes  1982).  The  deep  donor 
concentration  is  taken  to  be  on  the  order  of  IxlOEXPlb  cmEXP-3  and  the 
acceptor  concentration  to  be  the  order  of  lxl0EXP15  cmEXP-3.  The  deep 
donors  in  the  bulk  are  arbitrarily  kept  a  factor  of  ten  higher  in 
concentration  than  the  shallow  acceptors.  The  energy  level  of  the  deep 
traps  is  taken  to  be  0.68  eV  belov  the  conduction  band  [Look  1983).  The 
deep  donor  cross-section  of  lxlOEXP-13  cmEXP-2  is  the  same  as  used  by 
Horlo  (1984).  However,  the  acceptor  cross-section  of  2xl0EXP-18  would 
give  a  hole  lifetime  of  tens  of  microseconds,  which  is  much  longer  than 
the  nanosecond  lifetimes  actually  observed  in  this  material  (Flesner 
1985).  Therefore,  ve  chose  a  hole  cross-section  of  lxl0EXP-i4  cmEXP-2  to 
get  nanosecond  time-scale  recombination  for  assumed  trap  concentrations. 

The  sample  is  modeled  as  a  rectangular  parallelopiped  with  ion-implanted 
contact  regions  in  the  upper  corners.  See  Fig.  1.  The  planar  metal 
contacts  to  the  ion-implanted  n  and  p  regions  are  treated  as 
zero-resistance,  ideal  "Ohmic”  contacts.  The  zero  resistance  is  specified 
by  fixed-potential  Dirichlet  boundary  conditions;  the  "Ohmic"  nature 
through  the  assumption  of  a  fixed  thermal-equilibrium  concentration  of 
electrons  and  holes.  The  other  boundaries  of  the  device  are  assumed  to  be 
symmetry  planes  across  which  there  is  no  net  current  and  zero  normal 
electric  field  (Neumann  boundary  condition).  This  last  assumption  treats 
the  surface  as  being  ideal,  and  is  equivalent  to  burying  the  surface 
between  two  mirror-image  devices. 

* 

To  simulate  surface  degradation  either  the  deep  donors  only,  or  the  deep 
donors  and  shallov  acceptors  are  removed  from  a  thin  layer  near  the 
surface.  The  thickness  of  the  degraded  layer  is  taken  to  be  of  the  order 
of  0.2  to  1  micrometer.  [Chang  1984a) 

Photoexcitation  is  simulated  by  pair  generation  which  i.s  uniform  laterally 
and  which  decays  exponentially  away  from  the  surface.  Electron  beam 
excitation  is  also  modeled  by  increased  pair  generation,  but  it  is 
confined  to  a  vertical  grid  line  with  a  depth  of  1  micrometer. 
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The  finite-difference  nethod  is  used  for  discretization  of  the 
differential,  equations  which  are  linearized  by  a  nodified  version  of  the 
Newton  aethod.  The  Successive  Line  Over-Relaxation  (SLOR)  nethod 
(Vachpress  1970]  is  used  for  an  iterative  solution  to  the  linearized 
equations.  To  avoid  numerical  instabilities  for  the  divergence  of  the 
current,  we  use  the  Scharfetter-Gunmel  (1969]  method. 

The  electrostatic  potential  and  charge  concentrations  are  deternined  at 
the  grid  points  shown  in  Fig.  1.  Currents  and  electric  fields  are  assuned 
uniform  between  grid  points.  The  Poisson  equation  and  the  continuity 
equations  use  box  integration  surrounding  the  grid  points. 

3.  Results 

The  dark  I-V  characteristics  of  p-SI-n  devices  with  length  L  of  the  SI 
region  as  a  parameter  are  shown  in  Fig.  2.  The  simulated  curves  were 
obtained  assuming  no  surface  degradation,  and  with  impurity  concentrations 
of  7xl0EXPlS  EL-2  and  7xl0EXP14  C  per  cc.  The  simulations  show  an  ohmic 
I-V  at  low  voltage  with  a  transition  to  recombination  limited  current 
proportional  to  exp(qV/2kT)  at  higher  voltage  with  the  transition  voltage 
increasing  as  the  square  of  the  contact  separation  L.  In  comparison,  the 
data  for  the  2,  4,  and  8  micrometer  samples  also  show  current  proportional 
to  exp(qV/2kT)  at  higher  voltages,  but  the  scaling  of  voltage  with  L  is 
more  nearly  linear  than  quadratic  (Flesner  1986].  The  16  micrometer 
sample  rises  much  more  steeply.  The  data  are  ohmic  at  the  lowest 
voltages,  but  the  transition  to  non-ohmic  behavior  is  more  complex. 

Outdiffusion  of  EL-2  (which  produces  a  slightly  p-like  region)  near  the 
surface  has  been  simulated,  and  found  to  lead  to  a  lowering  of  the 
threshold  voltage  for  transition  to  recombination  limited  current.  This 
is  illustrated  in  Fig.  3.  For  this  figure  larger  concentrations  of 
impurity  levels  were  assumed  to  accentuate  the  effect.  A  strong 
dependence  on  layer  thickness  relative  to  depletion  depth  was  found.  The 
effect  of  creating  a  degraded  surface  layer  is  indistinguishable  from 
decreasing  bulk  impurity  concentrations,  which  increases  diffusion 
lengths.  This  means  that  partial  p-type  surface  conversion  cannot  be 
Inferred  from  forward  p-SI-n  I-V  data  without  additional  information. 

Ve  also  simulated  the  effect  of  removing  both  deep  donors  and  shallow 
acceptors  from  a  thin  layer  leaving  an  intrinsic  region.  Such  a  layer  was 
found  to  have  a  negligible  effect  on  the  p-SI-n  I-V.  The  reason  for  this 
is  that  charge  trapped  above  and  below  an  intrinsic  layer,  which  has  a 
large  Debye  length,  still  dominates  the  conductance.  A  p-type  layer,  on 
the  other  hand,  provides  a  potential  well  and  even  though  the  conductance 
without  injection  may  be  negligible  because  of  carrier  depletion,  hole 
transport  can  contribute  significantly  to  the  forward  I-V. 

Figure  4  shows  simulation  and  data  for  photoconductivity  in  an  8 
micrometer  p-SI-n  device.  The  induced  current  reverses  sign  when  the  bias 
equals  the  open  circuit  photovoltage.  Simulation  and  data  .agree  well,  and 
this  effect  is  useful  experimentally  to  determine  separately  the  junction 
voltages  and  the  SI  region  voltage  drop  (Flesner  1986]. 

Simulated  n-SI-n  I-V  without  degraded  layers  were  similar  to  those 
obtained  by  one-dimensional  simulation  (Horio  1984].  Neither  a  p-type  nor 
intrinsic  layers  were  found  to  produce  a  significant  effect  on  the  n-SI-n 
I-V.  Sidegating  was  also  studied  in  simulation  by  monitoring  the  change 
in  total  number  of  electrons  in  the  positively  biased  n-channel  contact 
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Junction  region  as  a  function  of  bias.  The  simulated  sidegating  is  also 
insensitive  to  degraded  p-like  or  trap-free  intrinsic  layers. 

The  effects  of  excitation  by  focused  electron  beam  were  simulated  as  shown 
in  Fig.  S.  No  effort  was  made  to  adjust  parameters  for  fitting  to  the 
data  other  than  for  amplitude  scaling  for  convenient  comparison.  The  zero 
bias  simulation  amplitude  is  multiplied  by  a  factor  of  2  and  the  2  V  bias 
simulation  amplitude  is  divided  by  IS.  Both  the  modeled  and  experimental 
spatial  dependences  reveal  the  presence  of  n-SI  junction  fields,  which 
separate  excited  carriers  and  thereby  induce  current  collection.  At  zero 
bias  the  n-SI  Junction  is  found  both  experimentally  and  in  simulation  to 
act  as  a  photodiode.  With  applied  bias  the  actual  n-SI-n  devices  behave 
like  back  to  back  diodes  with  the  current  collected  limited  to  less  than 
the  e-beam  generated  current.  The  simulation,  on  the  other  hand,  shows  a 
photoconductive  gain  of  about  IS  at  2  V.  bias  indicating  that  the  junction 
barriers  in  simulation  are  less  effective  than  the  actual  device  barriers 
in  suppressing  photoconduction  between  n-type  contacts.  Such 
photoconductive  gain  between  n-SI-n  contacts  is  observed  experimentally 
only  at  very  high  excitation  levels  (Flesner  198S).  Similar 
investigations  are  in  progress  on  p-SI-p  devices. 

4.  Discussion  and  Conclusions 

Although  the  forward  I-V  for  the  p-SI-n  devices  is  strongly  affected  by 
the  presence  of  a  degraded  p-like  surface  layer,  similar  results  can  be 
obtained  by  simply  reducing  the  bulk  impurity  concentrations.  Hence,  no 
conclusions  regarding  the  presence  of  such  a  layer  can  be  made  from  I-V 
data  without  more  information.  Additional  problems  are  the  lack  of 
quantitative  agreement  for  the  length  scaling  and  the  anomalous  I-V  of  the 
16  micrometer  sample. 

The  n-SI-n  I-V  and  the  resulting  sidegating  phenomenon  does  not  seem  to  be 
affected  by  either  a  p-like  layer  or  by  an  intrinsic  layer.  This  suggests 
that  additional  features,  such  as  surface  states,  will  have  to  be  included 
in  the  model  before  progress  can  be  made  in  understanding  sidegating 
phenomena.  Efforts  are  being  made  in  this  direction. 

The  agreement  of  the  experiment  and  simulation  regarding  photo-  and 
electron-beam  Induced  currents  suggests  that  the  behavior  of  the 
con tact -substrate  Junctions  can  be  Investigated  using  the  assumed  SI 
properties  as  a  starting  pcint.  The  presence  of  built-in  fields  at  these 
junctions  will  influence  the  behavior  of  integrated  circuits  exposed  to 
ionizing  radiation.  For  example,  the  Junctions  are  "blocking"  contacts 
which  suppress  photoconductivity  while  inducing  photodiode-like  charge 
collection. 
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Figure  3. 
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7.  Figure  Captions 

Figure  1.  12x12  grid  used  in  device  simulation. 

Figure  2.  Forward  I-V  for  p-SI-n  devices,  experiment  (a)  and  simulation 

(b) .  Contact  separations  are  2,  4,  8  and  16  micrometers  from  left  to 
right. 

Figure  3.  Effect  of  p-like  layer  on  p-SI-n  forward  I-V.  L  <  16 

micrometers  and  the  trap  density  is  4xlOEXP16  EL-2,  4xl0FXF15  C.  The 
upper  curve  is  for  a  p-like  layer  0.2  micrometer  deep. 

Figure  4.  Effect  of  uniform  illumination  on  an  8  micrometer  p-SI-n 

device  I-V,  data  (a)  and  simulation  (b).  The  log  of  the  absolute  value 
of  current  is  plotted. 

Figure  5.  In  (a)  a  schematic  of  the  EBIC  experiment  is  shown  and  (b)  and 

(c)  illustrate  results  for  a  4  micrometer  n-SI-n  device.  For  (b)  the 
applied  bias  is  zero  and  the  simulated  results  (triangles)  have  been 
multiplied  by  a  factor  of  two.  For  (c)  a  bias  of  2  V  is  applied  and 
the  simulated  amplitudes  have  been  divided  by  15.  The  scale  is 
normalized  to  the  e-beam  generated  current.  Assumed  EL-2  and  C 
concentrations  are  lxlOEXP16  and  lxl0EXP15,  respectively. 
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Scanning  laser  photoluminescence  imaging  technique  for  nondestructive 
evaluation  of  direct  bandgap  materials 


D.L.  Parker  and  Nathan  Moon 

Department  of  Electrical  Engineering,  Texas  A&M  University,  College  Station 
Texas  77843. 

Abstract .  A  commercial  laser  trimming  system  with  an  adapted,  AO  modu¬ 
lated,  Argon  ion  laser  is  used  to  serpentine  raster  scan  direct  bandgap 
semiconductor  wafers.  The  photoluminescence  radiation  is  synchronously 
detected  and  used  to  generate  a  two  dimensional  yield  map  for  display 
and  recording  as  with  an  SEM.  The  technique  has  been  successfully 
applied  to  a  variety  of  GaAs  wafers.  Image  features  have  been  corre¬ 
lated  with  crystal  defects. 

1 .  Introduction 

Photoluminescence  (PL)  analysis  is  currently  widely  used  to  study  the 
electronic  effects  of  various  defects  and  impurities  on  direct  bandgap 
semiconductor  materials.  This  powerful  tool  usually  requires  that  the 
sample  be  cooled  to  very  low  temperatures  and  further  the  sampled  area  is 
relatively  large,  allowing  no  conclusion  about  microscopic  distributions 
of  impurities  and  defects.  Cathode  luminescence  (CL)  offers  high  spatial 
resolution  however  the  technique  requires  special  sample  preparation  and 
is  somewhat  destructive.  The  imaging  method  described  in  this  paper  has 
relatively  high  spatial  resolution  (better  than  10  microns):  is  compatible 
with  thin  dielectric  films  such  as  Si02  or  Si}N4;  and  is  nondestructive. 

The  latter  feature  allows  analysis  of  the  same  sample  before  and  after 
each  of  several  processing  steps.  The  method  may  prove  to  be  a  useful 
compliment  to  conventional  analytic  methods  in  device-process-defect-relia¬ 
bility  studies. 

2.  Experimental 

A  block  diagram  of  the  imaging  system  is  shown  in  figure  1 .  The  laser 
trimming  system  has  an  80x80ram*  xy  beam  positioning  capability  with  2.5 
micron  accuracy.  An  AO  switched  Argon  ion  laser  has  been  added  to  the  sy¬ 
stem  so  that  this  radiation  may  be  substituted  for  the  Nd:YAG  which  is 
usually  used  for  resistor  trimming  or  link  blowing.  The  blue  green  line 
square  wave  modulated  at  frequencies  from  200Hz  to  40kHz  is  usually  used 
for  PL  imaging.  This  wavelength  is  absorbed  in  the  first  micron  or  so  of 
most  semiconductors  producing  essentially  one  excess  hole-electron  pair 
per  absorbed  photon. 

The  software  which  controls  the  system  allows  entry  of  scanning  speed  from 
Imm/sec  to  lOOOmm/sec  and  scanned  size  areas  in  binary  steps  from  2. 5x2. 5 
mm*  up  to  80x80mm*.  The  scan  mode  is  always  serpentine  raster  with  1000 
lines  and  the  x-y  analog  signals  are  automatically  adjusted  to  fill  the 
monitor  and  scan  converter  screens  regardless  of  the  scan  size. 

©  1987  lOP  Publishing  Lid 
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Fig.  1  Block  diagram  of  scanning  laser 
photoluminescence  imaging  system 

The  PL  light  is  picked  up  by  a  fiber  bundle  moving  with  the  laser  beam. 
Three  different  positions  have  been  used  for  the  fiber  bundle  termination: 
l.)near  the  front  wafer  surface  at  45°  to  the  wafer  surface  and  the  laser 
beam;  2.)on  ti:e  backside  looking  normal  to  the  wafer;  and  3.)ln  the  TV 
illuminator  beam  path  through  the  final  objective  lens  which  delivers  the 
laser  beam.  The  first  position  was  used  to  generate  a  1  images  shown  in 
this  paper  and  comparisons  with  the  other  two  positions  are  still  under¬ 
way.  A  filter  is  used  in  front  of  the  fiber  bundle  to  reject  the  laser 
light  and  the  spectrometer  is  operated  in  a  low  resolution  mode  (slits  re¬ 
moved)  to  maximize  the  signal.  The  detector^ls  an  S-1  photomultiplier 
with  useful  sensitivities  out  to  about  IIOOOA  in  the  infrared. 

Gain  and  offset  controls  on  the  lock-in  .amplifier  are  used  as  brightness 
and  contrast  controls  to  enhance  image  features.  In  some  cases  total 
black  to  saturated  white  may  represent  only  a  10%  change  in  the  PL  signal. 
All  images  to  date  have  been  made  with  the  sample  at  room  temperature  and 
with  the  spectrometer^ set  to  pass  the  maximum  hand-to-hand  luminescence 
radiation  (about  8700A  for  GaAs) . 

The  scan  converter  stores  an  image  as  it  is  generated  for  viewing  on  a  TV 
monitor  at  the  end  of  the  scan.  The  high  resolution  monitor  with  a  scope 
camera  attached  is  used  to  record  hard  copies.  All  fe.Uuros  seen  in  the 
PL  Images  are  very  reproducible  and  none  are  visible  hv  optical  microscope 
inspection. 

3 .  Results 


Figure  2  is  a  PL  image  of  a  75mm  LEG  GaAs  wafer  after  a  source-drain  Si 
implant  cm“^).  Figure  3  is  a  2.5x2.5mm^  zoom  near  the  center  of 

this  wafer.  The  small  black  geometries  are  regions  which  received  the 
SI  Implant  and  the  white  honeycomb  is  typical Iv  seen  over  the  entire 
wafer.  The  white  areas  will  be  shown  to  be  pinned  to  dislocation 
clusters.  Figure  4  is  a  PL  image  of  the  same  wafer  after  a  capped 
thermal  anneal.  (850°C  30  rain.)  The  white  splotches  are  prohablv  due  to 
pinholes  in  the  capping  film  or  localized  contamination.  Although  the 

I 


C haractehsation 


195 


PL  Imagitig  technique  can  be  nondestructive  the  Argon  laser  can  produce 
changes  In  the  GaAs  material  If  the  power  Is  too  high.  The  square  boxes 
In  this  Image  were  produced  by  prior  laser  scans  at  too  much  power.  These 
damaged  areas  are  not  visible  and  have  been  observed  to  '*f  !e  away"  after 
several  weeks  of  storage  In  air  at  room  temperature. 

After  annealing  the  honeycomb  structure  Is  in  exactly  the  same  place  as 
before;  however  the  white  bands  are  wider.  Before  annealing  the  bands  are 
40-100  microns  and  about  150  microns  after  annealing.  These  results  are 
consistent  with  the  work  of  T.  Kamejlma  et  al  and  suggest  that  dislocations 
getter  radiation  killing  impurity  and/or  defect  states. 


Fig.  2  PL  image  of  75mm 
LEC  C.aAs  wafer  after 
Si  Implant 


Fig.  3  PI.  image  of 
2.Sx2.Smm^  portion  near 
the  center  of  the  wafer 
shown  in  Fig.  2 
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Fig.  4  PL  Image  after  anneal 


Fig.  6  XRT  image  of  above 


Figure  5  is  a  PL  image  of  a  portion  of  the  wafer  near  the  lower  left  edge 
taken  before  annealing.  Figure  6  is  an  x-ray  topograph  (XRT)  of  the  same 
region  shown  in  figure  5.  The  black  arrows  in  each  image  indicate  unique 
features  to  assist  the  reader  in  confirming  the  complete  correlation  of  the 
honeycomb  structures  with  dislocation  networks  shown  in  the  XRT  image. 

4.  Conclusions 

The  scanning  laser  photoluminescence  imaging  technique  has  been  shown  to 
nondestruct Ively  produce  high  contrast  reproducible  images  of  the  distri¬ 
bution  of  dislocation  clusters  in  GaAs  wafers.  Work  is  in  progress  to  im¬ 
prove  the  spectral  resolution  by  cooling  the  wafer  specimen  and  the  photo¬ 
multiplier  tube.  Further  comparisons  of  the  luminescence  radiation  re¬ 
ceived  at  each  of  the  three  pickup  points  are  being  made.  Also  work  is  in 
progress  to  attempt  to  correlate  PL  features  with  device  characteristics 
such  as  threshold  voltage  and  backgatelng  effects  in  MESFET  transistors. 
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Abstract 

Two  optical  topographical  methods  for  homogeneity  control  of  GaAs 
wafers  are  presented.  The  first  one  (NIRtop)  monitors  the  transmission 
of  near  infrared  light,  while  the  other  one  (PLtop)  records  the  room 
temperature  photoluminescence.  The  topograms  are  displayed  as  false 
colour  pictures  of  high  resolution.  By  comparison  a  remarkable 
resemblance  for  both  methods  is  found  when  applied  to  undoped  s.i. 
EEC  material.  The  two  methods  in  combination  are  very  useful  for  the 
inspection  of  surface  quality  and  of  various  technological  processes 
as  annealing,  ion  implantation,  activation  and  epitaxial  growth  of 
thin  films. 


I.  Introduction 

Various  topographical  methods  have  been  developed  during  the  past  few  years  to  measure 
the  spatial  inhomogeneity  of  s.i.  EEC  GaAs  wafers  with  respect  to  almost  any  physical 
property  (Fillard  1985,  Hakone  1986).  Of  special  interest  are  methods  that  correlate 
different  properties  because  they  allow  a  deeper  insight  into  the  physical  mechanisms  that 
lead  to  the  inhomogeneities.  Optical  topographical  techniques  are  especially  useful  because 
they  are  fast  and  nondestructive  and  can,  therefore,  be  used  as  a  routine  characterization 

The  present  paper  concentrates  on  the  aspect  of  correlating  the  two  topographical  me¬ 
thods  near  infrared  transmission  topography  (NIRtop)  and  photoluminescence  topography 
(PEtop),  Both  methods  have  been  used  by  a  number  of  workers  separately  (Brozel  et  al 
1984,  Dobrilla  and  Blakemore  1985,  Hovel  et  al.l986),  but  not  much  work  has  been  done 
to  compare  the  two  methods  (Wettling  and  Windscheif  1986,  Edhnert  et  al.  1986) 

We  have  investigated  s.i.  EEC  GaAs  wafers,  n-  and  p-  doped  wafers.  MBE  layers  and  ion 
implanted  layers.  It  will  be  shown  that  the  two  techniques  in  combination  are  a  valuable 
tool  for  routine  characterization  of  GaAs  material  and  also  of  technological  processes  as 
etching,  polishing,  annealing,  implantation  and  activation. 

7  Experimental  Set-up 

Our  experimental  set-up  was  similar  to  that  described  earlier  (Wettling  and  Windscheif 
1986)  but  with  some  improvements.  In  short:  The  NIR  topograms  were  performed  by 
moving  the  wafer  perpendicular  to  a  fixed  illuminated  slit  and  focussing  the  image  of  the 
slit  to  a  256  diode  Si  detector  array.  Transmitted  light  between  1.18  and  I  58  eV  is 
recorded,  a  spectral  range  where  the  optical  absorption  is  closely  related  to  the 
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concentration  ot"  deep  donor  Et.2  defects  (Martin  1981).  Tlie  signal  from  tlie  detector 
array  is  transferred  to  a  computer  (IIP  217)  and  stored  line  by  line  in  a  256  x  256  data 
file  as  16  bit  integers,  .All  topograms  shown  were  recorded  from  standard  thickness 
wafers  (0.3  to  0.5  mm). 

In  the  PLtop  experiment  Argon  laser  light  (514.5  nm,  chopped  at  500  Hz)  is  focussed  to 
the  wafer  and  the  band  edge  luminescent  light  (870  nm)  is  recorded  through  several 
filters  by  a  cooled  SI  photomultiplier,  a  lock-in  detector  and  a  digital  storage  oscilloscope 
Ihe  wafer  is  scanned  by  a  computer  controlled  x-y  stage.  The  data  (512  x  512  pixels)  are 
stored  in  the  same  format  as  the  \IRtop  data  in  Ihe  computer. 

fsso  dimensional  images  of  the  absorption  and  the  luminescence  data  are  composed  using 
a  false  colour  mapping  technique  One-dimensional  traces  of  absorption  and  luminescence 
along  a  line  through  the  wafer  can  also  be  extracted  from  the  data.  Thus  a  direct  com¬ 
parison  of  the  two  methods  can  easily  be  performed. 

In  the  following  section  we  discuss  topograms  of  whole  2  inch  wafers  (spatial  resolution 
too  to  200  um)  and  of  enlarged  sections  of  about  15  x  15  mm  (resolution  30  to  60  ^m) 

In  the  MR  absorption  measurements  also  a  microscope  can  be  used  to  record  enlarged 
images  with  a  resolution  down  to  I  fim  In  this  configuration  the  diode  array  is  moved 
while  the  wafer  is  fixed  I'pon  reproducing  the  coloured  topograms  in  black  and  white 
the  different  colours  are  represented  as  different  grey  values  It  is  emphasized  that  the 
coloured  mappings  are  much  more  illustrative  and  impressive. 

3  Results 

tor  s  i  undoped  I.IC  CiaAs  it  was  shown  in  a  previous  paper  that  NIRtop  and  PI, top 
mappings  exhibit  almost  identical  pictures  of  the  macroscopic  inhomogeneity  ("W“-shapei 
as  well  as  of  the  cellular  structures  (Wettling  and  Windscheif  1986).  This  is  demonstrated 
in  Fig  I  Areas  of  high  absorption  correspond  to  areas  of  increased  PL  intensity  .  This 
can  be  explained  by  assuming  that  the  FI. 2  center  exists  in  the  material  in  two  charge 
states.  I  I  2'^’  and  LI  2*.  Ihe  I  1.2*  concentration  is  higher  and  therefore  the  El-2® 
concentration  is  lower  in  areas  of  larger  net  acceptor  concentration  due  to  compensation 
of  the  shallow  acceptor  stater  As  NIR  absorption  is  caused  by  the  EL2®  states  and  an 


Fig  1  NIR  topogram  (left)  and  PI.  topogram  (right)  of  the  ceptral  section  of  a  s.i. 
undoped  I.Ef  grown  Ga.As  wafer.  The  section  is  19  x  19  mm"  for  NIRtop  and 
16  X  16  mm"  for  PLtop.  Dark  areas  correspond  to  low  absorption  and  low  emission, 
respeclixely.  The  dark  horizontal  line  in  the  right  figure  was  t  leached  by  repetitive 
scanning  w  ith  Ihe  laser 
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increased  nonradiative  recombination  can  be  assumed  to  result  from  the  EL2*  states  the 
observed  correlation  of  PL  topograms  and  NIR  topograms  is  understandable.  It  should, 
however,  be  recalled  that  the  NIRtop  measures  bulk  properties  through  the  full  thickness 
of  the  wafer,  whereas  PLtop  measures  surface-near  properties  to  a  depth  of  about  200  to 
300  nm. 


Indium  alloyed  L EC  grown  wafers  are,  as  expected,  much  more  homogeneous  than  undo¬ 
ped  wafers.  In  addition  they  exhibit  remarkable  differences  in  their  topograms.  Fig.  2 
gives  a  NIR  topogram  and  a  PL  topogram  of  the  central  section  of  an  In  alloyed  wafer. 
There  is  no  cellular  structure  of  the  inhomogeneity.  Instead  one  observes  dark  areas 
which  consist  of  isolated  dots  or  accumulations  of  dark  dots.  These  dots  are  dark  also  in 
PL  (in  contrast  to  the  situation  in  undoped  material  mentioned  above).  In  NIR  transmis¬ 
sion  microscope  pictures  they  show  a  higher  definition  than  the  more  "cloudy"  cellular 
structures  of  the  undoped  material.  This  is  demonstrated  in  Fig.  3  where  small  sections  of 
as-grown  and  In  alloyed  wafers  are  compared.  It  seems  therefore  that  the  inhomogeneous 
absorption  mechanism  is  somewhat  different  in  In-alloyed  wafers. 

The  PLtop  technique  can  also  be  used  to  study  the  homogeneity  of  MBE  or  MOCVD 
layers.  In  general,  in  PL  topograms  MBE  films  show  larger  intensity  and  better 
homogeneity  than  their  s  i.  substrates  (Hovel  and  Guidotti  1985).  Fig.  4  shows  two  PL 
traces  of  a  200  nm  n-doped  MBE  layer  and  of  its  substrate  after  removing  the  MBE 
layer. 

It  was  recently  observed  that  the  PL  intensity  varies  nonlinearly  with  the  incident  laser 
power  and  that  the  PL  intensity  decreases  (bleaches)  with  time  upon  illumination  of  one 
spot  of  the  wafer  with  constant  laser  power  (Hovel  and  Guidotti  1985,  Wettling  and 
Windscheif  1986),  We  find  these  two  effects  always  in  combination  but  not  in  all  samples 
that  we  have  studied.  Superlinear  power  dependence  and  bleaching  of  PL  intensity  is 
observed  in  s.i.  undoped  LEC  substrates,  in  In-alloyed  s.i.  substrates  and  in  high  ohmic 
MBE  films  with  donor  and  acceptor  concentration  (N^j-N^)  <  10  ^  cm'’. 


Fig.  2  NIR  topogram  (left)  and  PL  topogram  (right)  of  the  central  section  of  an  indium 
alloyed  s.i.  GaAs  wafer.  Dark  areas  correspond  to  high  absorption  and  low  emission, 
respectively.  The  dark  horizontal  line  results  from  a  crack  in  the  wafer 
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Fig.  3  Comparison  of  microscopic  transmission  topograms  of  "cellular"  structures  of  a  s.i. 
undoped  wafer  (left)  and  "cluster’-like  structures  in  an  In-alloyed  s.i.  wafer  (same  wafer 
as  in  Fig.  2),  The  measured  section  is  2  x  2  mm^.  Dark  areas:  high  absorption 


The  two  effects  are  not  -or  only  weakly-  found  in  n-doped  and  p-doped  wafers  and  in 
n-doped  MBE  films,  as  shown  in  Fig.  5.  Therefore  these  two  effects  are  related  to  the 
high  resistivity  of  material  or  to  the  midgap  position  of  the  Fermi-level,  rather  than  to 
the  growth  method.  Further  investigations  are  necessary  to  prove  whether  they  are  related 
to  surface  states  and  band  bending  effects  at  the  surface.  As  also  shown  in  Fig.  5,  a  200 
nm  thick  n-doped  ion  implanted  and  activated  layer  shows  a  "mixed"  behaviour,  namely  a 
linear  power  dependence  of  the  PL  intensity  up  to  50  mW  and  a  quadratic  power  law  for 
larger  laser  powers.  This  finding  fils  well  to  the  other  observations  if  one  assumes  that 
the  PL  is  generated  to  a  larger  part  in  the  n-type  layer  (which  has  a  linear  power  law  and 
no  bleaching)  and  to  a  smaller  extend  in  the  s.i.  substrate  material  (which  shows  a 
superlinear  power  law  and  strong  bleaching). 

We  have  also  used  NIRtop  and  PLiop  to  study  ion  implanted  layers  in  s.i.  wafers  before 
and  after  activation.  After  implantation  the  NIR  absorption  is  increased  by  orders  of 
magnitude  in  the  implanted  layer.  The  PL  intensity  is  completely  quenched  after 
implantation  but  it  is  recovered  by  thermal  activation.  After  the  activation  process  the 


Fig.  4  One  dimensional  PLtop  trace  of  a 
200  nm  thick  n-doped  MBE  layer  (upper 
trace)  and  of  its  substrate  (lower  trace) 
to  demonstrate  the  good  homogeneity  of 
MBE  layers.  The  PL  intensity  of  the  MBE 
layer  is  four  times  larger  than  that  of  the 
substrate.  The  reason  for  the  increase 
from  left  to  right  is  not  yet  clear 
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1  ig.  5  (li’ti)  I’L  inlensilv  versus  laser 
power  lor:  1.  undoped  and  In-alloyed  s  i. 
waters  and  high  resistivity  MBF  films; 

2  n-  and  p-  doped  wafers  and  n-doped 
MBF  layer;  .1  ion  implanted  and  activated 
layer  in  s  i.  substrate.  Intensities  are 
normalized  at  5  mW  laser  power. 

(right):  PL  bleaching  with  lime  of  a 

s.i.  In-alloyed  wafer,  n-doped  wafers 
and  MBF.  films  show  no  bleaching,  p-doped 
material  shows  weak  bleaching 
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original  cellular  structure  of  the  wafer  is  observed  again  (see  Fig.  6).  It  remains  to  be 
determined  to  which  extend  this  structure  is  due  to  the  n-doped  layer  or  to  the  substrate. 
Furthermore,  the  PLtop  can  be  utilised  to  monitor  the  homogeneity  of  the  temperature 
profile  during  the  activation  process.  Details  of  the  investigation  of  ion  implanted  layers 
will  be  published  in  a  subsequent  paper. 

P  4.  Conclusions 

The  two  topographical  methods  NIRtop  and  PLtop  used  in  combination  are  well  suited  to 
study  inhomogeneities  of  bulk  GaAs  wafers  and  of  epitaxial  and  ion  implanted  layers.  As 
the  PLtop  method  measures  a  layer  near  the  surface  only  it  can  also  be  used  to  probe  the 
quality  of  the  surface  preparation  (polishing,  oxide  films)  and  of  technological  processes. 

It  had  been  shown  by  several  authors  that  these  optically  detected  inhomogeneities  are 
closely  related  to  structural  inhomogeneities  (dislocations,  internal  strain)  and  to  inhomo¬ 
geneities  of  electrical  properties  of  the  bulk  of  the  wafer  and  of  devices  fabricated  on 
them  (Nanishi  et  al.  1985).  A  detailed  understanding  of  the  correlation  of  all  these 
complicated  observations  is  still  lacking  although  progress  in  this  field  is  very  rapid.  It  is 
hoped  that  topographical  techniques  will  serve  as  powerful  tools  for  these  investigations. 
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Abstract.  DLTS  and  C-V  measurements  of  Te-doped  GaSb  and  Al^Ga.  ^Sb 
were  conducted  In  a  wide  range  of  x  to  Investigate  the  character¬ 
istics  of  deep  electron-traps  and  their  composition  dependence  In 
this  alloy  system.  No  deep  electron-traps  were  detected  In  the 
ran^e  O^xjLO.2  by  DLTS  measurement  to  the  detection  limit  of  'vlxlO^ 
cm  .  In  the  higher  range  of  x,  deep  electron-traps  were  detected 
and  its  concentration  Increased  steeply  with  x  and  saturated.  The 
trap  characteristics  were  found  to  be  very  similar  to  the  DX-center 
Id  AlGaAs. 

1.  Introduction 


It  Is  well  known  that  a  donor  forms  a  deep  electron-trap  center,  l.e., 
the  DX-center,  In  A1  Ga.  As  with  a  certain  range  of  x  (Lang  1979). 
Dominance  of  the  deep  electron-trap  concentration  and  occurrence  of 
persistent  photoconductivity  have  raised  much  Interest  in  the  origin  of 
the  DX-center  from  both  view  points  of  physics  and  device  applications. 

Many  models  have  been  proposed  for  the  origin  of  the  DX-center.  As  for 
X  of  DX,  As-vacancy  was  originally  proposed  (Lang  1979),  and  later,  a 
bond  reconstruction  between  donor  and  host  atoms  (Kobayashi  1985), 
crystal  field  formed  with  a  mixture  of  A1  and  Ga  (Iwata  1986), 
association  with  L-  or  X-band  (Saxena  1982,  Chand  1984,  Schubert  1984, 
Mlzuta  1985),  band  crossing  (Llfshitz  1980),  central  cell  potential  of 
donors  (Yamaguchl  1986),  and  others  have  been  proposed.  A  complex 
formation  with  As-vacancy  has  almost  been  excluded  from  the  origin 
because  it  was  found  that  the  sum  of  the  concentration  of  electrons 
trapped  by  the  DX-center  and  by  the  shallow  levels  was  constant  over 
a  wide  range  of  A1  composition  (Watanabe  1984). 

To  understand  the  behavior  of  the  DX-center  more  widely  ano'  deeply, 
deep  donor  levels  In  other  alloy  semiconductors  have  been  started  to  be 
Investigated  (Tachlkawa  1985,  Nojlma  1986,  Watanabe  1986).  Among  them, 
GaSb  and  AlGaSb  are  thought  to  be  a  good  test  material  for  those 
several  models  for  the  DX-center.  From  the  L-band  associated  donor 
model,  GaSb  Is  predicted  to  have  deep  donor  levels  from  Its  band 
structure,  and  if  It  is  the  case,  all  the  models  which  are  related  to 
the  constituent  A1  atom  are  excluded  from  the  origin. 

In  this  paper,  we  will  report  the  DLTS  and  C-V  measurements  of  Te- 
doped  GaSb  and  AlGaSb  Schottky  diodes.  No  deep  electron  traps  were 
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detected  in  GaSb  and  A1  Sb  with  lover  x(<0.2),  but  in  the  higher  x 

range,  deep  electron- traps  wfth  high  concentration,  drastic  change  in 
capacitance  with  temperature,  and  persistent  photocapacitance  were 
observed. 

2.  Experiments 

GaSb  and  AlGaSb  were  grown  by  LPE  at  400°C  and  500°C  on  Te-doped  n-type 
GaSb  substrates  (Takeda  1984).  Crystal  orientation  was  (100)  and  the 
dopant  was  Te.  Czochralskl-grown  Te-doped  GaSb  substrates  were  also 
used  for  the  measurements.  The  behavior  of  amphoteric  Si  and  Ge  as  a 
donor  would  be  interesting,  but  group  IV  elements  are  acceptors  in  this 
alloy  system,  at  least  in  the  lower  A1  range.  A1  composition  in  AlGaSb 
was  determined  by  EPHA  and  double  crystal  X-ray  diffraction  considering 
the  lattice  distortion.  For  the  C-V  and  DLTS  measurements,  Schottky 
diodes  with  Au  as  a  contact  were  formed  on  GaSb  and  AlGaSb  wafers.  A1 
composition  was  varied  from  0  to  0.77.  Conditions  for  DLTS 
measurements  are  summarized  in  Table  1. 


Table  1  DLTS  measurement  conditions 


Capacitance  Meter 

Boonton,  72B 

Sampling 

NF,  Digital  Boxcar  Integrator  BP-10 

Injection  Pulse 

0  V,  20  ms  -  25  ms 

Emission  Pulse 

-0.5  V 

Temperature 

77  K  -  300  K 

Rate  Window 

27  s-‘  -  215  s-‘ 

3.  Results 

Electron-traps  were  not  detected,  to  the  detection  limits  shown  in 
Table  2,  in  Te-doped  GaSb  and  AlGaSb  with  A1  composition  up  to  0.20. 

The  energy  range  covered  was  approximately  between  0.1  and  0.9  eV. 

On  the  other  hand,  deep  electron-traps  were  detected  in  A1  Ga,  Sb  with 
x>0.20.  A  series  of  DLTS  signals  for  electron  emission  arl  snovm  in 
Fig.  1.  Half  widths  become  larger  at  higher  compositions  and  at  x-0.7 
double  peaks  were  observed.  The  ratio  of  the  electron-trap 
concentration  (N^)  to  the  shallow  donor  concentration  (n)  Increased 
steeply  in  the  composition  range  from  0.2  to  0.5  and  then  almost 
saturated  at  higher  compositions.  These  data  points  are  plotted  in 
Fig.  2  in  conjunction  with  reported  band  structures  (Cheng  1976, 

Allbert  1983). 


Table  2  In  this  composition  range  no  deep  electron-traps  were  detected 
by  DLTS  to  the  detection  limits  shown  in  the  'parentheses. 


Al  coipoiitioi 

(EPHA) 

L  EC 
GaSb 

IB 

IBBUi 

LPE 

0.  18 

LPE 

0.20 

n  (c  of^  ) 

s  t  RT 

^  2  X  1  0^’ 

1  *  !  0*^ 

17 

1x10 

17 

6x10 

D«t«etioi  liiit 

Not  dftfctid 

Not  dotoctod 

Not  dotfctod 

Not  dotoetod 

Not  dotoetod 

( c 

<  aiio“  ) 

(  Jin'’  ) 

(  411*”  ) 

(  llio”  ) 

n 

(  StlO  ) 
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Fig.  1  DLTS  signals  of  electron 
traps  In  A1  Ga^  ^Sb  with  several 
A1  compos  1  ti^ons .  For  x-0.3  and 
0.4  the  signal  Is  of  C-DLTS  and 
for  the  rest  of  compostlons  the 
signal  Is  of  C*-DLJS.  The  rate 
window  Is  126.7  s 


Fig.  2  The  A1  composition  dependence  of  the  ratio  N^/n  (deep  electron- 
trap  concentration  to  shallow  donor  concentration)  la  superimposed  on 
the  reported  band  structures.  If  the  deep  electron-trap  Is  the  donor 
level  associated  with  the  I-band,  It  should  be  detected  jven  In  GaSb. 

In  both  band  structures  the  r-  and  L-bsnd  cross-over  Is  at  0.20.  Deep 
electron-traps  were  detected  beyond  this  composition. 


Nt/n 
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In  A1  Ga.  Sb  Schottky  diodes  with  higher  x,  several  characteristics 
related  to  a  deep  electron-trap  were  observed.  Figure  3  shows  a  DLTS 
signal  observed  in  a  Schottky  diode  of  Te-Al^  .Ga^  ^  l*tge  peak 

of  aC  and  a  long  Injection  pulse  width  ('\,20  ms;  required  to  fill  the 
traps  are  observed  here.  In  the  Al^Ga^  ^Sb  diodes  with  a  lower  x  than 
0.4  the  activation  energy  for  thermal  electron-emission  anj^croja 
section  of  the  trap  were  calculated  to  be  0.39  eV  and  'vlO  cm  , 
respectively,  and  at  x  higher  than  0.4  the  activation  energy  for 
thermal^jlectro^|emiasion  and  cross  section  of  the  trap  were  0.49  eV 
and  10*  -v,  10*  cm^,  respectively.  The  activation  energy  for 

electron-capture  was  obtained  as  0.30-0.32  eV  at  x-0.4  and  0.38  eV  at 
x~0.6,  from  the  C^-DLTS  during  the  Injection  pulse  and  from  the 
Injection  pulse  width  dependence  of  ^C. 

A  temperature  cycle  of  the  Te-Al.  Ca^^  ^Sb  diode  capacitance  is  shown 
In  Fig.  4.  Increase  of  the  capacitance  by  light  Illumination  and 
persistency  of  the  Increased  capacitance  are  quite  similar  to  those 
observed  In  donor  doped  AlCaAs  (Lang  1979). 


4.  Discussion 

In  our  experiments  deep  electron-traps  were  not  detected  in  Te-doped 
A1  Ga,_  Sb  with  x  between  0  and  0.2.  Gouskov  et  al.  repotted  two 
electron-traps  with  thermal  activation  energies  of  0.145  and  0.39  eV_Jn 
Te-d4ped  Al-  .eCa.  ajSb,  though  the  concentrations  were  low  (N  /n\.10  ) 

(Gouskov  19857.  Since  we  are  now  Interested  In  the  origin  of  the 
DX-center  of  which  concentration  Is  quite  high,  we  neglect  a  low 
concentration  electron-traps.  If  a  donor  is  associated  with  the  L-band 
to  form  a  hlgh-concentratlon  deep  electron-trap,  even  GaSb  should  have 
an  electron-trap  like  the  DX-center  since  the  energy  separation  between 
the  r*hand  minimum  and  the  L-band  minima  In  GaSb  Is  as  small  as 
0.078^,0.0919  eV  (Neuberger  1971)  and  the  denslty-of-states  effective 
mass  (0.7mg)  (Neuberger  1971)  of  the  L-band  of  GaSb  is  even  heavier 
than  that  of  Al^  55^^  (0.6m,)  (Casey  1978).  The  result  appears 

to  deny  the  L-bana  association  model  of  the  DX-center.  The  band 
crossing  of  the  r~  and  L-bands  has  also  nothing  to  do  with  the 
DX-center,  since  electron-traps  were  not  detected  at  x-0.2  where  the  r- 
and  L-bands  cross.  However,  the  steep  Increase  of  the  deep 
electron-trap  concentration  was  observed  near  x~0.4  where  the  f-  and 
X-bands  cross. 

In  the  higher  Al-composltlon  range,  high  density  electron-traps  were 
detected  and  most  of  the  donors  were  found  to  form  deep  levels.  Such 
charscterlstlcs  as  differences  In  the  activation  energis  for  the 
electron-capture  and  emission,  the  slow  capture  rate,  the  temperature 
dependence  of  capacitance  and  the  persistency  of  photocapacitance  at  a 
low  temperature  are  very  slmlar  to  those  observed  for  th'  DX-center  In 
AlGaAs.  Other  characteristics  such  as  persistent  photoconductivity  and 
anomalous  composition  dependence  of  the  thermal  activation  energy  of 
free  electrons  should  be  examined  to  prove  the  detected  deep  traps  to 
be  the  same  as  the  DX-center.  The  conductivity  measuremnts  and  Hall 
effect  measurements  are  not  easy  for  AlGaSb  since  a  seml-lnsulatlng 
substrate  Is  not  available.  In  bulk  crystals  of  Te-doped 
Al.  ,.Ga„  ..Sb,  persistent  photoconductivity  was  observed  (Konczewlcr 
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TEMPERATUREC K) 


3  A  C  -DLTS  spectrun 
obaerved  in  Te-doped 


Al-  ,Ga-  ,Sb.  A  long 
Injection  pulse  (20  ns) 
MSS  necessary  to  fill  the 
electron-trap. 


Fig.  »  TSCAP  In  Te-doped 
AIq  aOSq  ^Sb.  Cooling  and 
heating  speed  was  3  K/min. 
Increased  capacitance  by  light 
Illumination  was  persistent 
at  100  K. 


5 •  Summary 

1)  Deep  electron-traps  were  not  detected  In  Te-doped  GaSb  and 

A1  Ca.  Sb  with  x  up  to  0.2. 

X  1-x 

2)  Deep  electron-traps  were  detected  In  Te-doped  Al^Ga.  Sb  with  x 
beyond  0.2,  and  Its  concentration  Increased  steeply^snd  saturated. 

3)  Considering  the  composition  dependences  of  the  electron-trap  and 
band  structure,  the  deep  electron-trap  is  not  formed  simply  by  the 
association  with  the  L-band. 

4)  In  the  higher  x  range  the  activation  energy  for  thermal 
electron-emission  was  0.49  eV  and  that  for  electron-capture  was  0.38 
eV. 

5)  Thermally  stimulated  capacitance  and  persistency  of  tile 
photocapacitance  were  similar  to  those  observed  In  donor  doped 
AlGaAs. 
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Correlation  of  structural,  chemical  and  optical  properties  of  GalnAs 
quantum  wells 


K  Uu  1  !  '  ,  K  U'  I  K  I ''  .  V..A  Rt- i  itn,i  S  J  Rosrier*;  D, 

B  i  inht- 1  ^  .mil  I*  '  h- 1  t  »*  1  * 

*Hr-wItrt  r.uk.ii'l  l-.tlii  >i  .t  [  1*1  i  f.s  .  J  'Dn  [)ifi  i.'it'fk  Rn.nt,  I’.tln  Alto.  '.'A  Mu  iO^ 

*  I  ns  t  i  T  'if  till  Ft  s  t  koip«‘  I'pfivs  i  k  .  Ittlni  i  silu-  I'ni  v<*  is  i  i  .t  t  Bt  -  r  1  i  n  . 

Hariit-nl't  1  ;,s  t  I  .  1  Bill  in  l,\  (.i-nri.uiv 

Ahstiitct  Uptiidl  spectra  arc  coi  ic  1  at  et!  with  .structural  and  chemical 
properties  in  tialuAs  quat^tuin  wcMs  grown  between  InP  and  AllnAs 
h.irriers  hv  uigano  metallic  vapoui  phase  epitaxv.  Thick  (3  micron) 
l.iver.s  of  AlIiiAs  and  t-aluAs  I  <i  (  t  i  i  c  mat  ched  to  InP  are  also  studied  and 
exhibit  non  r.mdofn  di  st  rihut  ions  of  A1  attd  In  upon  the  Colvunn  111 
sub- lattice  in  AlIiiA.s.  aiul  pel  lodit  compositional  modulations  in 
t-tilnAs  , 

1  Iruroductum 

Experimental  methods  for  de  t  ei  min  i  nr.  the  detailed  effects  of  structural 
and  cheiniiMl  properties  on  i  ecomhinat  ion  spectra  in  quantum  well  systems 
have  hitherto  been  lackinp.-  In  tins  paper,  we  report  new  methods  for 
i  hvesf  i  gat  i  ng  these  re  1  a  t  i  ojish  i  ps  .  an<!  report  on  ccu'relal  ions  of  optical, 
.sirtictural  and  chemical  prop<-rties  in  n’aliiAs  quantum  wells  grown  between 
InP  and  AlliiAs  harrieis  hv  orgaiio  -  me  t  a  1 1  ic  vapour  phase  epitaxy  (OMVPE)  . 

?  .  F.xper  1  meiii  a  1 

Sample.s  were  grown  hv  atmo.spheiic  pies.sure  OMVPK  u.s  i  ng  tri-melliv)  sources 
tor  the  (‘olumn  III  elements  and  ar.sine  and  phosphine  tor  the  Column  V. 
Crowth  r.ites  were  of  the  order  oi  a  Angst  loins/ sei  lor  tertiarv  compounds 
and  2  Angst  roms/sec  for  InP.  l.ainAs/Al  Jn/\s  sirucluies  wtue  grown  at  6<^0  C 
on  InP  substrates  with  surface  nt>rmals  oriented  lo  within  '>.2  degrees  of 
[lOOj  la.s  measured  hv  X-rav  »t  i  f  f  ra<’ t  ion )  .  (-alnAs/lnP  struclure.s  were 
grown  on  InP  wafers  whose  siirl.He  normals  were  rolatetl  hv  .1  degrees  from 
[lOOj.  al.so  at  a  temperature  of  <>4il  C.  All  ternarv  allovs  were  nominallv 
grown  with  compos  i  t  i  ons  .such  that  their  lattice  parameters  matched  tliose 
of  the  InP  substrate.  This  was  conf  i  rin<*tl  for  thicker  t  1  niLcron)  layers  to 
an  aceviracv  <  0.1*  average  lattice  mismatch  hv  X-rav  d' !  f  iiut  ion.  The 
corresponding  compos  i  t  i  ons  are  t.ajj  ^  /  I  no  «,  jAs  and  Alo  /«gluo 

Atomic-scale  structural  measurements  of  quantuiit  well  structure  were  made 
hv  careful  analysis  and  quant j i icat ion  oi  high  resolution  transmission 
electron  microscope  (MRTEM)  lattice  images.  It  is  well  known  that  for  the 
special  case  of  an  extremely  thin  periodic  specimen,  imaged  at  an  optimum 
electron  microscope  objective  lens  defocus.  the  image  intensity  is 
proportional  "  the  crystal  potential  projected  along  the  electron  beam 
direction  fm  .pecimen  spatial  frequencies  less  than  the  microscope 
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po  i  lit  r  n  po  i  lit  I'fso  1  vit  i  nn  i^ptiH**,  1**81).  Thus  with  accurate 

quant  i  t  i  cat  i  Oh  ot  HRTKM  i  ina>»t*  i  iii  t- iis  i  t  ios  .  thfie  is  chemical,  as  well  as 
sfMKfural  ihioimafioh  ihhcit'Ut  in  the  image.  Under  more  general 
tsp«- 1  1  mmt  a  1  conditions,  espt-ciallv  in  the  present  case  of  a  potential 
«n  scout  i  nu  i  f  V  .it  an  interiato.  it  i  .s  necessarv  to  accurately  calculate  the 
sp.ciuitn  i  n  t  e  i  ,1.  t  i  oil  and  instrumental  transfer  functions  using  a  numerical 
Ttchni'jue  known  as  the  inu  1 1  )  s  1  i  <  i-  method  tCt’oodman  and  Moodie,  197<^).  In 
this  wntk  V.  o.tiftullv  aiutlvsfil  the  range  of  experimental  conditions  under 
whiili  tlu'  txptiimenial  image  could  he  related  to  the  chemistry  **nd 
stiM  t'lit'  fill'  specimen  Accuiate  quantification  of  image  intensities 

was  peitojiritd  using  a  scanning  microdensitometer,  as  indicated 
s<  lieina f  1  c.i  1  1 V  tn  ligviia  1  [iv  la  pe.jted  scanning  of  different  areas  of  a 
^ivtu  stMi«tui»  we  deiived  <l  i  :  I  I  i  l>u  t  i  on  functions  of  well  widths  and 

.euuiaf*-  m.asui  eireiit  s  ol  well  width  for  tialnAs  quantum  well 

■  1  uc  t  u  1  e  s 


{■  j  1  -  .1  1  Ri-p!  eseiif  .1?  i  ve  •  llH-  HR  TKM  latti<e  structure  image  of  a  (-alnAs 

quantum  well  hetwitit  Alliu\s  h.niieis  ih>  eor  I  espuml  i  ng  in  i  c  I'udeits  i  t  oine  t  ei* 
*  I  Mce  lacoided  t  I  om  a  n«i’«''.'s  “I  the  image  sh<»wn  in  ia> 


Phot  o  1  uir  i  nesrent  iPI.i  spi-ctj.t  ol  v.tructures  with  AlltiAs  barri€‘rs  were 
i.coidcil  at  t  h»  Teiliiiischc  I'li  i  ve  t  s  j  t  at  .  B»  r  I  i  n  u.s  i  ng  the  Ou  /  nm  line  of  a 
iw  Kr*  lasei  .  with  e.\c  i  f  at  i  {»n  i  nt  ens  i  t  i  «'.s  of  l> .  /  W/<m‘ .  ^PL  spectra  of 
InP  hiiriei  sfiuituies  Well  Mtorde<l  at  Hewlett  P.ickard  Udiorator les  also 
usiiij;  the  I  iiin  line  of  Ki‘  lasei'.  at  an  ex<'itation  intensity  of  0.3 

W  cm-  rhc  usual  «'or  i  e.  f  i  ••ns  I  oi  grating  aiul  spectrometer  response  were 
p»  t  f  «u  mt-d 

Rufheitoid  ha<  1- Si  at  t  <1  j  ng,  KHSi  was  piitorined  using  MeV  He^  ions. 

Compos  I  r  i  oir.  of  thin  <aInAs  quantum  we  1  I  .s  between  In?  barriers  were 
def»imin<<l  hv  suht  r.n  t  i  ..n  .»(  the  background  In  signal.  giving  a 

ol  tlu  intej.i  iteil  number  «»t  t^i  and  As  atoms  per  unit  area. 
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This  number  was  then  converted  to  chemical  composition  by  reference  to  the 
quantum  well  width  measured  by  HRTEM. 

i .  ^  sul  t  s  from  quant  urn  well  s  t  rue  tur^ 

Figure  J(a)  shows  results  from  detailed  HRTEM  investigations  of  three 
samples  each  consisting  of  five  exiremelv  thin  (<  30  Angstrom)  GalnAs 
quantum  wells  between  .H)U  Angstrom  AlInAs  barriers.  The  well  widths 

within  a  given  sample  were  nominal Iv  identical,  but  varied  from  sample  to 
sample.  Experimental  points  are  derived  from  combinations  of  PI  and  HRTEM 
measurements.  The  tlieorotical  curve  corresponds  to  the  solution  of  the 
Schrodinger  equation  for  n=l  electron  •  heavy-hole  transitions  in  a 
one  -  dimejis  ional  finite  square  quantum  well.  Effective  mass  and  band  gap 
parameters  used  are  for  GalnAs:  sone  center  effective  mass:  0.04lmQ 
(electron').  O.a-’ra^  (heavv  iu>le>;  band  gap  (^4K)  ;  0.811  eV ;  for  AllnAs:  zone 
center  effective  mass:  (electron).  0.62mQ  (heavy  hole);  band  gap 

1  . ‘)'5  eV.  wlieie  lu^  is  the  electron  rest  mass.  The  conduction  band 
di scont inu i t V  used  was  '(U  and  the  confinement  energy  dependence  of  the 
effective  mass  in  the  GaltiAs  well  was  calculated  as  bv  Welch  et  al  (1986), 
with  the  equation  m*»E>  -  m(  kO )  (  I +  2aE )  where  m(kO)  is  llie  zone  center 
effective  mass  and  a  is  111)  for  electrons  and  0.346  for  holes.  Although 
there  is  uncertainfv  in  some  ot  these  parameters  (particularly  the  hole 
effective  masses  and  the  conduction  band  discontinuity),  we  note  a 
reasonable  quantitative  agreement  between  experimental  measurement  and 
theoretical  predictions  of  peak  recombination  energy 


Measured  Well  Width  [A]  Measured  Wei*  Width  [A] 

Fig.  2:  Theoretical  calculations  (shown  hv  dotted  lines)  of  n«l  electron  - 
heavy  luile  recom!)  i  na  t  i  on  eiuTgies  al  4K  for  (mtIuAs  quantun*  wel  Is  between 
ia>  AllnAs  barriers  and  (b)  InP  barriers.  Input  parameters  are  given  in 
the  text.  Experimental  measurements  (from  PL  and  HRTF.M)  are  shown  by 
squaies.  with  error  bars. 

For  (ialiiAs/InP  quantum  well  samples,  we  find  a  s.nall  systematic 
discrepancy  between  ex[>er  i  ment  a  1  PL  and  HRTF.M  measurements  aiid  theoretical 
predictions  of  re*,  omh  i  na  f  i  on  energies  in  that,  as  shown  in  Figure  ?(b). 
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theoretic«»l  la  Kul  a  t  i  on.s  imply  a  slightly  higher  recombination 

energy  than  we  ijit-asui  *- .  The  nalnAs  parameters  used  in  this  calculation 
are  the  same  as  thost  used  la  Figure  2.  ior  IiiP  we  use:  effective  mass, 
v^leclrun'.  tljeavv  hole):  hand  gap,  1.42  eV .  The 

t'otuiui’ i  i  on  I'.ind  d  i  s^  out  i  tiu  i  t  v  w.is  taken  as  40*  .  The  4K  PL  lialfwidths  of 
these  samples  are  among  tin-  lowest  reported,  varvittg  from  8  ineV  for  the 
103  Angstrom  well  to  .’(•  meV  for  tlie  lO  Angstrom  well.  Note  that  these 
strui’tuies  <.oii  t  ri  i  ned  a  single  t^a  1  iiAs  quantum  well. 

This  apparent  slight  d i sc iipam  v  hetweeii  theory  and  experiineiiL  could  be 
modified  bv  tising  a  signi f leant iv  lower  conduction  band  discontinuity 
aud/or  much  higher  quantum  well  effective  masses  (these  parameters  have 
considerable  eNperiiiiental  uncei  l  aint  v>  .  hut  we  also  wanted  to  investigate 
whether  compos i t ioi\al  ettecls  could  reconcile  experiment  and  theory. 
Lompusitions  of  the  tliicke:'  wells  were  measured  using  the  RBS  and  HRTEM 
techniques  outlined  in  section  2.  Yielding  for  samples  indicated  in  Figure 
2(h)  witli  mean  well  tiiicknesses  of  'ji*  and  103  Angstroms,  In  concentrations 
of  22t-2  and  2*<-l  atomic  percent  respectively,  assuming  perfect  square 
well  profiles  This  appaieut  In  delicit  with  respect  to  the 

1  at  t  i  ce  -  ina  { «lied  coiiipo.sition  oi  2»)  S  atomic  percent  In  might  relate  to 
either  li'  .1  conespiuidi  ng  o,i  increase,  i.e  a  C.'aj^ln  j .  alloy  with  x 

greatei  than  the  Value  for  lattice  matching  to  InP  (note,  however 

that  this  would  produce  <i  Ijighei  <|uauium  well  band  gap.  and  thus  a  higher 
vecomhiu^^t  ion  energy  which  would  iiu'rease  the  discrepancy  between 
experiment  and  theory’  or  tii'  an  excess  of  As.  with  respect  Co  the 
exactly  ni»  atomic  loncent rat  ion  expected  for  a  perfect  square  well 
profile,  causc'd  by  fUi  As  tail  into  the  InP  barrier  material,  due  to 
non-ahrupt  switching  of  the  As  source.  This  could  result  in  apparent 
excess  of  both  In  atid  ca  in  the  quantum  well  if  a  perfect  square  well 
profile  is  assumed.  M  i  c  rodeiis  i  lomei  er  traces  of  HRTEM  lattice  images  of 
cLiItiAs  InP  .structures  do  indicate  .slight  deviations  from  square  well 
profile.^  We  art'  cm  rent  Iv  investigating  whether  these  deviations  in  the 
cpianftim  well  piofile  <  an  reconcile  experiment  and  theory. 

.  Ki  suits  from  Thick  i  3  niicroiO  Epitaxial  Te  rnary  Lave  rs 

In  an  effort  to  belter  understand  thin  film  structures,  we  decided  also  to 
study  thicker  terii.n  v  layers  lat  t  ice*raatched  to  InP  substrates,  such  that 
radiative  i ec<»mh i n.i t  i «>n  in  t{»e  ternary  lavers  was  es.sentiaily  bulk-like. 
In  particular,  we  wert  interested  in  resolving  the  discrepancy  between  PL 
halfwidtli  me«i.sm  ement  s  in  these  thickc'i'  layers:  low  temperature  PL 
halfwidtlis  in  CalnAs  l.iy.rs  liave  been  measured  to  be  as  low  as  1.5  meV  at 
1.4  K  (c.iic.  «'t  .1 1  .  which  is  close  1 1>  the  theoeretical  limit,  whilst 

c<irresp<uuling  *F  iMlIwidllis  in  thick  AllnAs  lavers  have  been  of  the  order 
of  20  -  3(>  ineV 

/ 

Strucftu.H  and  <lieitii(.jl  siudies  of  there  thicker  layers  revealed 
significant  devi  uis  f  i  andom  distributions  of  atoms  over  the  Column 
III  svihlattice.  i»u  tiitck  AllivXs  layers,  it  was  found  that  although  the 
t«*rnarv  compouixl  w.e.  <  lusrlv  I  .i  t  (  i  ce  -  ma  t  ched  to  the  substrate  (from  X-ray 
di  f  f  r<nl  ioin  .  there  wa.s  a  hir.h  density  (about  of  crystalline 

defects.  Also,  electron  dilfraction  indicated  a  non-raadom  distribution 
of  Al  and  In  at"iie.  .Siriiil.u  tuelering  phenomena  have  been  noted  in  other 
ternary  III  V  .illov.s  U’  g.  Kuan  et  al  .  l*>8'j;  den  et  al  ,  1986).  In  this 
woik.  pl.in-view  eI<cfron  difliaclion  (i.e.  electron  beam  parallel  to 
growt  fj  <li  r»'c  t  ion )  laveal.s  ordering  of  Al  and  In  atoms  on  alternate  (110) 
planes,  as  indicated  bv  ilie  st  r<»ng  appearance  of  the  forbidden  (110) 
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reflections  In  the  electron  diffraction  pattern  of  Figure  3(a). 
Diffraction  patterns  recorded  in  the  cross-sectional  mode  (electron  beam 
perpendicular  to  growth  direction),  show  ordering  of  Al  and  In  atoms  on 
alternate  (111)  planes  as  shown  by  the  electron  diffraction  pattern  of 
Figure  3(b).  A  similar  phenomenon,  with  two  different  ordered  phases  in 
the  same  material  has  been  observed  in  OMVPE-grown  GaAsQ  sSbQ  ^  (Jen  et 


al,  1986). 


Fig.  4:  Cross-sectional  TEM  (400) 
dark- field  image  showing  periodic 
compos  1 1 iona 1  modu la t ions  (arrowed ) 
along  the  (100)  growth  axis  of  a  3 
micron  layer  of  CalnAs  on  an  InP 
substrate  The  fringe  contrast 
running  at  an  angle  to  the  sides  of 
the  image  is  due  to  specimen 
thickness  effects. 


Cross-sectional  electron  diffraction  patterns  of  3  micron  CalnAs  layers 
exhibited  no  ordering- related  eltMtion  tliffraction  sp<»ts.  A  weak  periodic 
modulation  in  image  intensity  Wtis  noted,  however,  along  the  growth 
direction  witli  a  modulation  wavelength  of  about  2000  Angstroms  (see  Figure 
4).  It  is  diffi  'lit  to  quantify  this  periodicity  in  terms  of  a 
compositional  modulation,  but  the  observed  variations  In  image  intensity 
prnf>ably  corre.sp()n<l  to  ('hemi<  al  VMriat  ion.s  of  the  order  of  a  few  percent 


Fig.  3:  Electron  diffraction 
patterns  from  a  3  micron  layer  of 
AlInAs,  (a)  plan  view  along  (Ibb). 
showing  extra  (110)  spots  (arrowed) 
(b)  Cross-sectional  along  ‘'Oll'^ 
showing  extra  1/2(111)  and  1/2(311) 
spots  (arrowed) . 
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change  In  Ga  and  la  composition.  RBS  also  revealed  shorter  periodicity 
variations  near  the  surface  of  the  ternary  layer,  with  a  periodicity  of 
approximately  500  Angstroms  and  a  chemical  modulation  of  about  +-  1%  Ga  or 
In  concentration.  No  comparable  fluctuation  effects  were  noted  in  TEM 
measurements  of  AlInAs  layers.  These  appateni  composition  modulations  may 
arise  from  periodic  variations  in  the  OMVPE  source  temperatures  during 
growth . 

These  structural  effects  do  not  appear  to  give  a  definitive  explanation  of 
the  difference  in  bulk  recombination  halfwidths  in  GalnAs  and  AlInAs 
layers.  Compositional  fluctuations  of  the  type  illustrated  in  Figure  4 
might  be  expected  Co  affect  spectral  broadening,  depending  upon  the 
modulation  wavelength  and  amplitude,  but  no  evidence  for  such  fluctuations 
were  found  in  the  higher  halfwidth  AlInAs  material.  The  existence  of 
Column  III  ordering  in  AlInAs  might  produce  an  additional  broadening 
mechanism  if  the  degree  of  ordering  varied  iroin  point  to  point  in  the 
sample  (we  have  evidence  of  this  from  electron  diffraction),  and  if  the 
band  gaps  of  the  ordered  and  random  materials  signif inanely  differed. 
Atomic  relaxation  and  stress  around  defects  could  also  produce  a 
broadening  mechanism.  Finally  we  note  that  electrical  measurements 
indicate  significant  Impurity  concentrations  in  the  thick  AlInAs  films  (of 
the  order  of  10^^/cm^  using  Van  der  Pauw,  and  lO^^/cm^  using  C-V 
techniques),  which  might  also  be  expected  to  produce  spectral  broadening. 

5 .  Conclusions 

Unified  measurements  of  the  structural,  chemical  and  optical  properties  of 
GalnAs  quantum  wells  have  enhanced  our  underst aitding  of  these  materials. 
For  GalnAs  quantum  wells  grown  between  Alln/\s  l)arriers,  we  are  able  to 
reconcile  experimental  measurements  and  theoretical  predictions  of  peak 
recombination  energies.  A  slight  systematic  discrepancy  is  noted  between 
experiment  and  theory  for  recombination  energy  in  the  GalnAs/lnP  system, 
which  is  consistent  with  evidence  for  non-abrupt  switching  of  As  during 
OMVPE  growtli.  Studies  of  thicker  ternary  layers  have  revealed 
non-uniform  distribution  of  Column  III  atoms,  specifically  ordering  within 
the  unit  cell  in  AlInAs  layers  and  periodic  compositional  modulations  in 
GalnAs  layers. 
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Photoluminescence  studies  of  single  GaAs  quantum  wells  with  extended 
monolayer-flat  regions 


B.  A.  Wilson.  R.  C.  Miller,  S.  K.  Sputz,  T.  D.  Harris.  R.  Sauer,  M.  G.  Lament,  C.  W.  Tu  and  R.  F. 
Kopf 

AT&T  Bell  Laboratories,  Murray  Hill,  New  Jersey  07974 

Abstract  We  present  low-temperature  photoluminescence  (PL)  and  excitation  (PLE)  spectra  for 
single  GaAs/AloirGaotjAs  MBE-grown  quantum  wells  for  which  growth  was  interrupted  at  each 
interface  for  2  minutes.  The  multiple  lines  observed  in  PL  and  PLE  are  ascribed  to  free-exciton 
emission  from  extended  (>  300A)  monolayer-flat  regions  of  the  wells  differing  in  thickness  by  one 
monolayer.  The  individual  lines  are  the  sharpest  and  best-resolved  ever  reported  for  narrow  wells. 
The  remaining  inhomogeneous  widths  place  limits  on  the  range  of  alloy  fluctuations  in  the  barrier 
material.  Systematic  differences  in  the  relative  intensity  of  the  multiple  peaks  in  PL  and  PLE 
spectra  point  to  rapid  lateral  transfer  from  narrower  to  wider  regions  of  the  wells.  PLE  spectra  also 
imply  efficient  transfer  of  excitation  through  the  300A  barriers  separating  individual  wells.  Lower- 
energy  bands  due  to  lightly-bound  excitons  are  also  observed,  indicating  a  slight  increase  in  neutral- 
acceptor  incorporation. 

1.  Introduction 

In  some  cases  the  photoluminescence  spectra  of  GaAs  quantum  wells  exhibit  a  multiple  peak  structure 
associated  with  emission  from  extended  monolayer-flat  regions  which  differ  in  thickness  by  single 
monolayer  (ML)  steps,  2.83A.  Although  structure  has  been  reported  in  continuous-growth  samples 
(ITeveaud  et  al  1984,  Goldstein  et  al  1983,  Reynolds  et  al  1985),  the  use  of  growth  interruption  at  the 
heterointerfaces  has  been  shown  to  enhance  this  structure  (Bimberg  et  al  1986,  Fukunaga  et  al  1985, 
Hayakawa  et  al  1985,  Juang  et  al  1986,  Miller  et  al  1986,  Ohta  et  al  1986,  Sakaki  et  al  1985,  Tanaka 
et  al  1985,  Voillet  et  al  1986),  presumably  by  allowing  additional  surface  atom  migration  to  smooth  out 
local  roughness.  In  this  paper  we  present  low-temperature  photoluminescence  (PL)  and 
photoluminescence  excitation  (PLE)  spectra  of  interrupted-growth  single  GaAs  quantum  wells  in  which 
the  individual  lines  of  the  multiplets  are  the  narrowest  for  a  given  well  width  and  the  best-resolved 
reported  to  date.  The  narrowness  and  clear  separation  of  the  monolayer  lines  permit  an  unambiguous 
identification  of  the  transitions  involved,  and  provide  new  information  on  inter-  and  intra-well  energy 
transfer  within  these  structures. 

2.  Samples  and  experimental  results 

The  samples  were  deposited  at  bOO'C  on  a  (100)  semi-insulating  GaAs  substrate  in  a  Gen  IJ  MB_E 
station.  The  interrupted-growth  sample  consisted  of  4  single  GaAs  wells  of  nominal  widths  lOOA,  50A, 
25 A  and  1 5A  grown  in  that  order  and  separated  by  300A  barriers  composed  of  AlonrUao ssAs.  A  buffer 
region  consisting  of  5000A  GaAs  followed  by  lOOOA  Alo jtGuo.ssAs  was  deposited  on  the  substrate  prior 
to  the  growth  of  the  wells,  and  the  top  well  was  capped  with  lOOOA  of  AlostGao.esAs.  The  growth  was 
interrupted  for  2  minutes  at  each  well/barrier  interface  to  allow  smoothing  of  the  surface.  A  reference 
sample  of  identical  nominal  structure  was  deposited  under  the  same  growth  conditions,  but  without 
interruption  at  the  interfaces.  The  PL  spectra  were  excited  with  an  Argon  ion  laser  operating  at  5 145 A, 
and  detected  through  a  monochromator  with  an  SI -response  photomultiplier  using  lock-in  techniques. 
Excitation  power  densities  were  varied  over  6  decades  from  10  pW/cm^  to  10  W/cm^.  A  tunable  cw  dye 
laser  was  used  to  obtain  the  PLE  spectra.  For  all  measurements  the  samples  were  mounted  in  a 
variable-temperature  cryostat. 
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In  Fig.  la  we  contrast  the  cw  PL  spectra  of  the  interrupted  and  continuous-growth  samples.  While  the 
latter  exhibits  a  single  broad  line  for  each  of  the  4  wells,  the  spectrum  from  the  interrupted-growth 
sample  consists  of  pairs  or  triplets  of  much  narrower  lines  for  each  well  with  individual  components 
associated  with  monolayer-flat  regions  differing  in  width  by  I  ML.  The  estimated  thicknesses  in  ML 
units  are  given  in  the  figure.  A  comparison  of  the  linewidths  (FWHM)  for  transitions  attributed  to  free 
exciton  emission  are  plotted  in  Fig.  lb.  Even  in  the  absence  of  local  surface  roughness,  variations  in  the 
confining  barrier  heights  will  still  exist  due  to  local  compositional  fluctuations  in  the  barrier  alloy.  The 
linewidths  of  the  three  narrowest  wells  provide  a  consistent  upper  limit  of  Ax  -  0.006  ±  O^OOI  on  the 
range  of  alloy  composition  within  the  diameter  of  the  exciton,  which  is  thought  to  be  —  300A  (Miller  et 
al  1981). 

Free-exciion  and  defect-related  PL  lines  were  distinguished  on  the  basis  of  PLE  measurements  described 
previously  by  Miller  et  al  (1986).  Figure  2  shows  PL  and  PLE  spectra  for  the  single  well  of  SOA 
nominal  width  in  the  interrupted-growth  sample.  The  PLE  spectrum  was  obtained  by  monitoring  the 
emission  at  the  low-energy  side  of  the  peak  labeled  D  in  the  PL  spectrum.  Substructure  associated  with 
the  ML  steps  is  evident  in  both  the  light-  and  heavy-hole  regions  designated  E,|  and  Eu,  respectively. 
The  absence  of  PLE  signal  in  the  region  of  D  itself  as  well  as  the  quenching  of  this  line  by  20K  indicate 
that  it  is  due  to  a  lightly-bound  exciton.  The  other  two  PL  lines  are  attributed  to  free-exciton 
transitions,  and  we  estimate  the  well  thicknesses  to  be  21  and  22  ML.  A  very  weak  20  ML  line  is  also 
observed,  but  is  not  evident  in  this  linear  plot.  Any  Stokes  shifts  between  the  free-exciton  PLE  and  PL 
peaks  are  smaller  than  the  0.2  meV  resolution  of  the  measurements.  Such  small  shifts  are  again 
consistent  with  the  absence  of  short-range  surface  roughness.  For  comparison,  a  2  meV  Stokes  shift  is 
observed  in  the  emission  of  the  equivalent  well  in  the  continuous-growth  reference  sample. 

A  significant  difference  between  the  PLE  and  PL  spectra  is  apparent,  however,  in  the  relative  strengths 
of  the  transitions  associated  with  different  ML  regions.  The  emission  is  consistently  weighted  more 
heavily  towards  the  lower-energy  peaks  in  the  multiline  spectra.  Since  the  PLE  spectra  provide  a 
measure  of  the  fractional  area  of  each  ML  thickness  region  within  the  exciting  laser  spot,  this  shift  of 
the  intensity  to  lower  energy  lines  reflects  rapid  lateral  motion  of  the  excitons  to  wider  regions  of  the 
wells.  Presumably  it  is  the  same  lateral  motion  that  leads  to  significant  Stokes  shifts  in  quantum  wells 
with  short-range  surface  roughness,  but  is  more  readily  identified  here  where  there  are  discrete  and 
well-resolved  emission  lines  associated  with  different  spatial  regions  in  the  well. 


CONTINUOUS  3BCWTM 
NTERRUPTED  GROWTH 


PEAK  ENERGT  lev) 


Fig.  I .  Part  a  displays  a  comparison  of  6K  photoluminescence  spectra  for  an  interrupted  growth  and  a 
continuous-growth  sample  grown  under  identical  conditions.  Both  samples  contain  4  single  GaAs 
quantum  wells  of  nominal  thicknesses  1(X)A,  50A,  25A  and  ISA  between  300A  Al  j7Ga4jAs  barriers. 
The  interrupted-growth  sample  shows  multiple  narrow  PL  lines  corresponding  to  recombination  in 
monolayer-flat  regions  larger  than  the  exciton  diameters  which  differ  in  thickness  by  one  monolayer.  In 
part  b  the  observed  linewidths  (FWHM)  of  free-exciton  transitions  are  plotted  versus  peak  energy. 
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Fig.  2.  6K  photoluminescence  emission  and 
excitation  spectra  for  the  50A  nominal  width  well 
in  the  interrupted-growth  sample.  The  PL 
spectrum  exhibits  2  sharp  lines  attributed  to 
recombination  in  21  and  22  ML  thick  regions, 
and  a  third  line  ascribed  to  a  lightly-bound 
exciton.  Substructure  associated  with  ML 
thickness  dilTerences  is  also  evident  in  both  the 
heavy  hole  (E,s)  and  light  hole  (E„)  regions  of 
the  PLE  Spectrum. 


The  relative  weight  in  the  PL  lines  is  also  a  function  of  the  excitation  intensity.  This  is  apparent  in  the 
6K  PL  spectra  displayed  in  Fig.  3a  which  span  6  orders  of  magnitude  in  laser  intensity.  The  two 
emission  lines  at  —  1.765  eV  and  —  1.79  eV  originate  from  the  narrowest  well  of  the  interrupted-growth 
sample  in  regions  we  estimate  to  be  7  and  6  ML  wide  respectively.  Although  excitation  spectra  imply 
that  the  well  is  predominately  6  ML  wide,  the  7  ML  line  is  consistently  more  intense  in  emission.  The 
magnitude  of  this  discrepancy  depends  on  laser  power,  and  is  greatest  at  the  lowest  excitation  densities. 
Higher  intensities  and  higher  temperatures  increase  the  relative  emission  intensity  from  the  narrower 
region.  As  shown  in  Fig.  3b,  however,  \^l\^  does  not  continue  to  grow  as  the  laser  intensity  is  increased, 
but  saturates  at  a  value  well  below  unity. 

The  relative  strength  of  free  to  acceptor-bound  cxciton  emission  also  depends  on  laser  intensity.  In 
Fig.  4a  and  b  we  display  semilog  plots  of  the  6iC  PL  spectra  from  the  two  narrowest  wells  of  the 
interrupt^-growtb  sample,  nominally  25A  and  I5A  wide,  again  over  6  decades  in  excitation  power.  The 
2SA  (ISA)  well  spectrum  shown  in  part  a  (b)  exhibits  peaks  associated  with  10-12  ML  (6-8  ML) 
regions.  Evident  in  the  10-12  ML  peaks  is  a  low-energy  shoulder  on  each  line  which  grows  in  relative 
strength  as  the  laser  intensity  is  lowered,  and  eventually  becomes  the  dominant  emission  at  the  lowest 
powers.  This  emission  is  presumably  due  to  a  shallow  defect  which  becomes  saturated  at  higher 
intensities.  This  behavior  is  less  well  resolved  in  the  spectra  from  the  narrowest  well  shown  in  part  b 
because  the  lines  are  slightly  broader. 

It  is  tempting  to  ascribe  the  change  in  the  relative  weights  of  the  monolayer  lines  with  intensity  to  a 
similar  process.  Namely,  if  one  considers  the  wider  parts  of  the  well  as  “traps",  for  the  excitons,  then  at 
low  temperatures  and  intensities  most  of  the  excitons  will  recombine  at  these  sites.  Raising  the 
temperature  will  allow  thermally  excited  leleaK  back  to  narrow  well  regions  and  enhance  the  higher- 
energy  lines,  as  observed.  Similarly,  since  there  is  a  somewhat  smaller  fractional  area  of  these  wider 
regions,  they  will  saturate  at  high  excitation  densities  and  their  relative  contribution  to  the  PL  spectrum 
will  be  diminished.  The  analogy  breaks  down,  however,  in  that  the  relative  intensity  of  the  higher- 
energy  6  ML  line  does  not  continue  to  grow  with  additional  laser  intensity,  as  it  would  if  a  simple 
saturation  effect  were  responsible.  Apparently  the  source  of  the  branching  ratio  involves  other  processes. 
Since  the  change  in  the  relative  weights  of  the  lines  occurs  at  about  the  same  low  intensities  as  the  cross 
over  from  defect-related  to  free-exciton  emission,  a  more  complicated  interplay  of  defect-trapping, 
energy-transfer  and  recombination  rates  may  be  responsible  for  this  behavior.  C>ne  possibility  is  that  the 
main  recombination  channel  at  low  intensities  involves  free  holes  in  the  well  donated  by  acceptors  in  the 
barrier  layers.  These  holes  have  a  relatively  long  time  to  thermalize,  and  will  thus  reside  almost 
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Fig.  3.  Excitation-density  dependence  of  the  relative  strengths  of  the  6  and  7  ML  lines  of  the  narrowest 
well  in  the  interrupted  growth  sample.  In  part  a  the  spectra  are  shown  over  a  range  of  6  decades  in 
laser  power.  The  peak  heights  have  been  normalized  to  the  same  magnitude.  The  ratio  of  intensities, 
IsAr  is  depicted  in  part  b. 


exclusively  in  the  wider  parts  of  the  well.  This  model  explains  in  a  natural  way  why  the  onset  of 
increased  PL  in  the  narrower  region  should  occur  when  the  optically-excited  carrier  population  becomes 
comparable  to  the  acceptor  density. 

Luminescence  due  to  recombination  in  one  well  can  also  be  excited  by  absorption  at  higher-lying  states 
in  other  wells.  This  is  evident  jn  Fig.  5  where  we  display  a  PLE  spectrum  obtained  by  monitoring  the 
emission  from  the  widest  (lOOA  nominal  width)  well  in  the  interrupted  growth  sample.  Individual  ML 
lines  are  not  resolvable  in  this  well,  and  the  only  transitions  associated  with  this  well  which  appear  in 
this  PLE  spectrum  are  the  n  -  I  light  hole  and  n  —  2  heavy  hole  (EjS”*).  The  other  lines 

present  in  the  spectrum  replicate  absorption  peaks  observed  in  the  PLE  spectra  of  the  narrower  wells. 
The  peaks  in  the  region  enclosed  by  the  dotted  box  are  identified  as  the  n  >  1  heavy  and  light  hole 
absorption  lines  for  20-22  ML  from  the  SOA  nominal-width  well.  Those  within  the  dashed  box  represent 
absorption  in  the  10-12  ML  regions  of  the  2SA  nominal-width  well.  Since  these  additional  peaks 
compete  quite  favorably  with  those  associated  with  absorption  in  the  same  well,  it  is  obvious  that  inter¬ 
well  energy  transfer  is  also  quite  efficient.  Given  that  the  intervening  barriers  are  300A  thick,  it  seems 
unlikely  that  a  single-step  tunnelling  process  is  responsible.  It  is  more  probable  that  defect  structures 
such  as  dislocation  chains  between  the  wells  act  as  effective^  channels  for  this  migration.  Note  that  a 
radiative  transfer  process  cannot  be  invoked  since  the  lOOA  well  is  below  the  narrower  wells  in  the 
sample  structure.  Absorption  in  the  narrower  wells  reduces  the  laser  intensity  reaching  the  wider  well, 
and  light  reemitted  by  the  narrower  wells  can  only  partially  compensate  for  this  loss.  Thus  photon 
recycling  between  wells  cannot  be .  responsible  for  peaks  in  the  PLE  spectrum.  Although  to  our 
knowledge  such  effective  transfer  through  thick  barriers  has  not  been  reported  before,  we  do  not 
necessarily  consider  it  a  signature  of  interrupted-growth  samples  alone.  We  suggest  that  these  features 
are  merely  easier  to  identify  in  this  sample  due  to  the  narrowness  of  the  transitions  in  the  absence  of 
short-range  interface  roughness. 

Figure  6  shows  a  more  extended  PL  spectrum  of  the  narrowest  well  measured  at  10  W/cm^  excitation 
power.  The  semilog  format  highlights  additional  weaker  structure  in  the  spectrum.  A  lower-energy 
free-exciton  emission  associated  with  8  ML-wide  regions  is  observed  with  an  intensity  almost  3  orders  of 
magnitude  weaker  than  that  of  the  7  ML  line.  There  is  evidence  of  an  unresolved  defect-related  line 
under  the  high-energy  Boltcman  tail  of  the  7  ML  emission.  This  defect  emission  is  apparently 
associated  with  the  6  ML  regions  as  it  is  quenched  in  the  same  laser  intensity  range  in  which  the  6  ML 
free-exciton  line  is  lost.  Additional  weak  defect-related  structure  is  evident  above  and  below  the  6-8  ML 
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Fig  4.  6K  PL  spectra  as  a  function  of  excitation  density  for  the  25A  (part  a)  and  15A  (pan  b) 
nominal-width  wells  of  the  interrupted-growth  sample. 


multiplet.  The  high-energy  shoulder  at  1.805  eV  is  approximately  10-15  meV  below  the  position 
expected  for  the  5  ML  free-exciton  line,  and  we  attribute  it  to  a  defect-related  transition  in  the  5  ML 
regions.  In  fact,  it  is  probably  due  to  the  same  defect  responsible  for  the  unresolved  line  between  the  6 
and  7  ML  peaks  which  also  lies  —  15  meV  below  the  associated  free-excition  line,  in  that  case  the  6  ML 
peak.  The  lowest-energy  peak,  also  labeled  D  in  Fig.  6.  is  again  attributed  to  the  same  defect,  in  this 
case  associated  with  8  ML-wide  regions.  The  equivalent  defect  line  for  7  ML  would  fall  close  to  the 
same  energy  as  the  8  ML  free-exciton  line,  and  the  peak  marked  “8"  may  contain  contributions  from 
both  sources. 

The  presence  of  a  defect  line  associated  with  5  ML  regions,  while  the  equivalent  free-exciton  line  is 
absent,  indicates  that  the  trapping  rate  at  these  sites  competes  favorably  with  the  transfer  rate  to  other 
parts  of  the  well,  and  that  both  are  quite  rapid  in  comparison  to  the  radiative  recombination  rates.  Thus 
only  those  excitons  or  carriers  trapped  at  these  sites,  whch  are  local  minima  in  energy,  remain  long 
enough  in  these  narrow  regions  of  the  well  to  recombine  there.  Although  there  is  a  somewhat  higher 
level  of  defect  incorporation  in  this  interrupted-growth  sample  over  its  continuous  growth  counterpart  as 
indicated  by  a  slightly  lower  PL  quantum  efficiency,  this  pattern  has  not  been  consistently  repeated  in 
other  sets  of  samples  grown  in  our  system  (Miller  et  al  1986).  In  general  this  extensive  study  of  defect- 
related  transitions  in  the  interrupted-growth  sample  was  informative  primarily  because  of  the  ability  to 
resolve  and  identify  these  lines  rather  than  because  of  the  moderate  enhancement  of  their  intensities. 

3.  Conclusions 

In  this  paper  we  have  presented  PL  and  PLE  measurements  on  a  sample  with  4  single  GaAs  wells  for 
which  the  growth  was  interrupted  at  each  heterointerface  The  growth  interruption  results  in  the 
elimination  of  short-range  interface  roughness  so  that  excitons  experience  monolayer-flat  regions  at  least 
as  great  as  their  300A  diameter.  The  resulting  PL  and  PLE  spectra  exhibit  multiplets  of  discrete  lines 
associated  with  these  regions  which  differ  in  thickness  by  single  ML  steps.  In  the  absence  of  interface 
roughness,  the  individual  lines  are  extremely  sharp  and  well-resolved.  The  remaining  inhomogeneous 
widths  place  an  upper  limit  of  Ax  ••  0.006  ±0.001  on  fluctuations  in  the  barrier  alloy  composition  within 
the  diameter  of  the  exciton. 

The  narrow  PL  and  PLE  lines  allow  unambiguous  identification  of  free  and  bound  transitions.  In 
comparison  to  the  PL  spectra,  the  dominance  of  higher-energy  lines  in  the  PLE  spectra  associated  with 
absorption  in  narrower  regions  of  the  well  reveals  efficient  lateral  energy  transfer.  At  the  lowest 
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Fig.  S.  PLE  spectrum  of  the  lOOA  nominal-width 
well  in  the  interrupted-growth  sample.  The 
spectrum  contains  absorption  peaks  associated 
with  the  SOA  and  25A  nominal-width  wells, 
indicating  effective  inter-well  energy  transfer 
though  the  300A  Alo  jsGaosjAs  barriers. 


Fig.  6.  Extended  semilog  plot  of  the  6K  PL 
spectrum  of  the  narrowest  well  in  the 
interrupted-growth  sample.  Peaks  labeled  6.  7 
and  $  are  attributed  to  free-cxciton  recombination 
in  regions  of  6,  7  and  g  ML  thickness 

respectively.  Additional  defect-related  structure 
is  labeled  D. 


intensities  the  lower-energy  lines  completely  dominate  the  PL  spectra,  which  may  reflect  recombination 
with  free  holes  donated  by  acceptors  in  the  barriers  layers.  The  presence  of  lines  in  the  PLE  spectra 
arising  from  absorption  in  other  wells  indicates  that  there  is  also  rapid  energy  transfer  between  wells. 
The  interrupted  growth  sample  also  exhibited  a  slight  increase  in  defect  incorporation. 

The  separation  of  the  spectra  into  discrete  and  extremely  narrow  monolayer  lines  opens  up  many  new 
avenues  of  investigation  into  the  static  and  kinetic  parameters  of  these  quantum  well  structures.  Time- 
resolved  PL  studies  may  provide  clear  measurements  of  lateral  and  well-io-well  transfer  rates.  With  the 
increased  resolution  and  discrete  ML  lines,  additional  cw  measurements  should  provide  much  more 
definitive  values  of  system  parameters  such  as  effective  masses  and  binding  energies. 
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Abstract.  Using  photolutrinescer.ce  we  investigated  the  properties 
of  the  electron-hole  plasma  in  quasi-twodimensional  GaAs/GaAlAs- , 
InGaAs./InF-  and  GaSb/AlSb-  quantum  well  structures.  In  all  sys¬ 
tems  strong  bandfilling  and  large  band  renormalizations  are  ob¬ 
served.  Pronounced  structures  in  the  luminescence  spectra  reflect 
the  particular  subband  structure  of  the  quantum  wells.  The  emis¬ 
sion  lineshapes  can  be  described  quantitatively  assuming  recombi¬ 
nation  between  electron-  and  hole  subbands  including  forbidden 
but  parity-allowed  transitions.  From  the  analysis  we  obtain  the 
p'asma  parameters  and  determine  the  dependence  of  band  renormali¬ 
zation  on  plasma  density  in  two-dimensional  systems. 

I.  Introduction 

Due  to  their  new  physical  properties  and  due  to  a  wide  variety  of 
possible  applications  especially  in  optoelectronic  devices  quantum 
well  structures  have  attracted  a  large  amount  of  research  both  in 
the  fields  of  material  technology  and  characterization  (Dow  1986). 

In  this  paper  we  report  high  excitation  lu.minescence  measurements  in 
III-V  multiple  quantum  well  structures  at  temperature/  between  2  K 
and  300  K.  We  used  GaAs/GaAlAs-  samples  grown  by  MBE  with  well 
widths  Lz  between  21  A  and  180  A  (Al-content  between  19  %  and  43  %) , 
GaSb/AlSb-  samples  grown  by  MBE  with  Lz  between  58  A  and  121  A  and 
lattice-matched  InGaAs/lnP-  samples  grown  by  HOVPE  (using  adducts 
(Scholz  1986)  as  well  as  alkyls  (Razeghi  1983)  as  metal  precursors) 
with  Lz  between  30  A  and  210  A.  In  all  samples  the  barrier  widths 
were  large  enough  to  avoid  coupling  between  the  wells.  In  the  high 
excitation  experiments  we  excited  an  EHP  using  a  pulsed  dye  laser 
(in  the  case  of  GaAs/GaAlAs;  t  =  10  ns)  or  a  frequency-doubled 
Nd : YAG-laser ;  t  =  100  ns)  with  excitation  powers  Pex  between 
100W/om^  and  1  HW/cm^ .  The  pulse  widths  were  large  enough  to  provide 
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quasi-stationary  conditions.  Backscattering  geometry  was  used  to 
avoid  the  observation  of  stimulated  emission. 


Experimental  results 


To  show  the  general  behaviour  of 
the  plasma  luminescence  we  depict 
in  figure  1  a  series  of  sponta¬ 
neous  emission  spectra  recorded 
in  a  GaAs/Ga  i,7Al  3  As-MQW  sample 
with  Jjz  -  9^  4  at  a  lattice  tem¬ 
perature  of  300  K.  With  increa¬ 
sing  excitation  power  the  spectra 
broaden  drastically  (up  to  400 
meV).  Pronounced  new  structures 
appear  at  the  high  energy  sides 
due  to  the  band  filling  and  the 
occupation  of  higher  subbands. 
The  high  energy  sides  of  the 
spectra  become  flat  as  a  conse¬ 
quence  of  the  heating  of  the  car¬ 
riers  by  the  nonresonant  excita¬ 
tion.  The  low  energy  edges  shift 
to  smaller  energies  due  to  the 
band  gap  renormalization  in  the 
Fig.1  Dependence  of  plasma  lurai-  de  ••  EHP. 
nescenoe  on  excitation  intensity 


Energy  (eV) 


The  features  of  the  plasma  spectra  are  quite  sensitive  to  the  parti¬ 
cular  subband  structures  of  the  quantum  wells  . 

Therefore  they  depend  strongly  on  the  well  width  within  one  material 
system  (Trankle  1965).  In  GaAs/GaAlAs-  samples,  e.g.,  for  Lg  <  50  A, 
where  only  the  lowest  subbands  (le,  1h,  11)  are  occupied  even  for 
the  highest  excitation  intensities,  we  observe  a  single  broad  emis¬ 
sion  line.  For  samples  with  50  A  <  <  150  A  the  spectra  show  the 
strongly  modulated  structures  like  in  figure  1.  The  energetic  diffe¬ 
rences  between  the  structures  in  the  spectra  decrease  stronglj  with 
increasing  well  width  and  for  Lz  >  150  A  broad  uns true turi zed  emis¬ 
sion  bands  remain. 

For  comparable  well  widths  the  luminescence  lineshapes  are  quite 
sensitive  to  the  properties  of  the  material  system.  In  figure  2  we 
compare  spectra  from  samples  of  about  100  A  obtained  at  comparable 
excitation  intensities.  We  observe  large  differences  between  the 
systems : 

i)  The  spectrum  obtained  from  the  GaAs/Ga^  ^7  Al,  i,  3  As-  sample  shows  up 
to  seven  structures.  In  this  system  the  relatively  large  co'nduction 
band  discontinuity  leads  to  three  electron  levels  for  Lz  =  96  A.  In 
the  potential  well  of  the  valence  band  there  are  four  heavy  hole  and 
three  light  holes  levels.  Transitions  between  occupied  subbands  are 
responsible  for  the  structures  in  the  spectra. 

ii)  The  spectrum  obtained  from  the  InGaAs/InP-  sample  shows  still 
four  structures.  In  this  material  system  only  one  third  of  the  band 
discontinuity  is  in  the  conduction  band,  leading  to  a  relatively 
flat  potential  well  for  the  electrons.  Therefore  only  two  subband 
levels  in  the  conduction  band  can  be  expected  and  fewer  transitions 
should  be  observable. 
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Qualitatively  in  this  system  the  dependence  of  the  luminescence 
lineshape  on  the  well  width  is  comparable  to  that  observed  for  GaAs/ 
GaAlAs  samples.  With  decreasing  well  width  the  splitting  between  the 
structures  increases  (Trankle  1986a)  and  for  very  narrow  and  very 
broad  wells  single  emission  bands  remain. 


Fig. 2  Dependence  of  plasma  luminescence  on  material  parameters 
The  spectrum  of  the  InGaAs/InP-  sample  is  measured  at  a  lattice 
temperature  Tl  =  '00  K.  At  higher  Tp,  the  structures  are  not  that 
pronounced  anymore. 

iii)  The  spectrum  obtained  in  the  GaSb/AlSb-  sample  shows  only  one 
broad  line  without  further  structures.  In  this  material  system  the 
potential  well  in  the  conduction  band  is  very  deep  (=  1.2  eV),  lea¬ 
ding  to  a  large  splitting  of  the  subband  levels  even  for  relatively 
thick  quantum  wells.  Therefore  higher  subbands  are  not  occupied  and 
in  our  set  of  samples  we  observe  no  change  in  lineshape  with  increa¬ 
sing  well  width  (Trankle  1986b). 

I  .  _L ype shape  analys i s 

In  order  to  quantitatively  describe  the  spontaneous  plasma  lumines¬ 
cence  we  performed  a  lineshape  analysis  calculating  spectra  for  al¬ 
lowed  transitions  between  two-dimensional  subbands.  Neglecting  any 
broadening  effects  the  emission  spectra  should  be  described  by: 

I(f>u>)  -  .2  f^(k)  f,(k)  /  — -  - 

1  k  e  h 

Here  fiu  is  the  transition  energy;  fe.fh  denote  the  electron  and  hole 
Fermi  functions;  the  integral  describes  the  joint  density  of  states. 
We  assumed  the  electrons  and  holes  to  be  distributed  in  parabolic 
subbands  according  to  Fermi  statistics  using  a  oojimon  quasi-Fermi 
level  for  electrons  and  holes  respectively.  In  order  to  account  for 
the  experimentally  observed  low  energy  tail  the  calculated  spectra 
have  been  broadened  using  a  Landsberg  type  formalism  (Landsberg 
1966).  Previously  this  has  been  applied  successfully  to  different 
3D-systems  and  relates  the  broadening  to  relaxation  processes. 

In  this  simple  analysis  we  neglected  the  complicated  dispersion  re¬ 
lation  in  the  valence  band  due  to  the  subband  mixing  (Altarelli 
1985).  We  approximated  the  mean  curvature  of  the  dispersion  relation 
by  the  three-dimensional  masses  in  the  cases  of  GaAs/GaAlAs  and 
InGaAs/InP.  Using  a  realistic  dispersion  relation  for  the  case  of 
GaAs/GaAlAs  (Broido  1986)  we  have  shown  that  this  approach  is  rea- 
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sonable  especially  for  the  lower  subbands.  In  the  case  of  the  highly 
stressed  ilaSb/ AlSb- laye rs  (.lattice  mismatch  0.65%)  we  took  into  ao- 
account  the  stress  effects  (Bir  1974)  and  calculated  the  in-plane 
masses  assuming  the  high  stress  limit  (Trankle  1986b).  A  summary  of 
the  in-plane  masses  used  in  our  analysis  is  given  in  table  1: 


1  a  A  3  /  G  a  A 1 A  s 

InGaAs/InP 

GaSb/AlSb 

rn 

^ . OteS 

0.041 

0.047 

h 

0.4b5 

0.071 

m", 

1  ti 

0.05 

0.124 

Tab  .  1 

In-plane  masses 

^in  units  of  the  free 

electron  mass  m;,) 

used 

in  thp  lineshape 

analysis  of  the  high 

excitation  spectra 

In  figure  ^  we  iepict  three  exemplary  results  for  our  analysis: 

i)  a  rather  thin  lai'b  Al;'t-  sample  (Lz  =  98  A);  Only  the  lowest  sub¬ 
bands  are  involved  in  the  transitions  (ihh.llh)  and  the  agreement 
between  the  experiment  ani  the  calculation  is  very  good. 

ii)  a  rather  thick  '.a  As.' da  ^  7,^  A 1  .^pAs-  sample  (Lz  =  180  A): 

'(any  subbanis  'jntr,itute  *to  tTie  lineshape  ( 1  hh  ,  1  Ih  ,  .  .  .  ,  3hh )  .  The 
energetic  difference  between  the  subbands  is  rather  small,  the  tran¬ 
sitions  merge  to  a  single  bread  line.  Again  this  behaviour  is  raodel- 
lel  by  our  lineshape  analysi.e  .puite  well. 

Hi.'  a  In  la  As.' 1  n  i  -  .sample  with  a  well  width  in  the  range  of  100  A 
ilz  "  th  A  '.  In  tnis  'ase  the  agreement  seems  to  be  poor,  especially 
the  seconi  strict  ire  in  the  experimental  spectra  is  not  explained  at 
all. 


Fig. 3  Lineshape  analysis  of  plasma  spectra  for  different  material 
systems,  different  well  width.s  and  different  lattice  temperatures 


To  overcome  this  problem  we  have  to  include  forbidden-  but  parity- 
allowed  transitions  (An  =  t?,  t4)  in  our  analysis  (Trankle  1985)-  In 
figure  4  we  depict  the  result  for  the  InGaAs/InP-  sample  with  Lz  = 
95  A  (solid  line).  Now  the  agreement  between  experiment  and  theory 
is  very  satisfactory  and  explains  the  second  structure  in  the  spec¬ 
trum  as  a  transition  between  the  first  electron  and  the  third  heavy 
hole  subband  ( 1 3h) . 

This  agreement  between  the  experimental  spectra  and  the  calculated 
lineshapes  can  now  be  used  to  determine  basic  parameters  of  the 
quantum  well  structures.  As  an  example  the  dashed  lines  in  figure  4 
show  calculated  spectra  assuming  different  depths  of  the  potential 
well  in  in  the  valence  band  of  450  meV  and  360  meV,  respectively. 
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InGaAs/lnP 
L,  =  95A 
Tl  =  100K 


360  meV 


Especially  the  energetic  position 
of  the  structure  assigned  to  the 
2hh-  transition  ia  very  sensitive 
to  the  change  in  well  depth.  The 
best  fit  (solid  line)  is  obtained 
for  a  potential  well  depths  of 
390  aeV ,  which  is  equivalent  to 
65%  of  the  banddis  continuity  ap¬ 
pearing  in  the  valence  band.  This 
value  is  in  good  agreement  with 
those  obtained  in  other  experi¬ 
ments  (Vilela  1986). 


390  meV 

/  . —  Eig.4  Lineshape  fit  including 

'  \  forbidden  but  parity-allowed 

^ , _  ,  - ^50  tneV  transitions  (solid  and  dashed 

0.8  0.9  1.0  lines).  The  dashed  lines  il- 

Ener^y  (eV)  lustrate  the  sensitivity  of 

fit  to  the  well  depth  IJvb  in 
in  the  valence  band. 

IV •  Band  gap  renorma l_^z i^t  i^  . 

From  the  lineshape  analysis  we  obtain  the  plasma  densities,  tempera¬ 
tures  and  renormalized  band  gaps.  Therefore  we  are  able  to  determine 
the  density-dependence  0^  the  band  gap  renormalization,  which  is  due 
to  many-body  effects  in  the  carrier  plasma. 

The  band  gaps  for  very  low  densities  can  be  measured  in  absorption 
or  excitation  spectroscopy  taking  into  account  the  appropriate  ex- 
oiton  binding  energies.  In  the  case  of  the  OaAs/GaAlAs-  samples  we 
take  binding  energies  obtained  from  excitation  spectroscopy  (Dawson 
1 9S6 ) .  In  our  samples  of  the  other  material  systems  the  exciton  bin¬ 
ding  energies  are  negligible  because  the  electron-hole  interaction 
is  largely  screened  by  a  relatively  high  background  carrier  concen¬ 
tration  (=  10*^  cm-l;  Kleinman  198b}. 

In  figure  5  we  show  the  dependence  of  the  band  gap  renormalization 
on  the  carrier  density  for  well  widths  smaller  than  120  A  in  the 
three  material  systems. 

- t—r-i  r-,  I - - ■  »  ■  I - 1—. - 1 - - - r-r  , 

_l(jGaAa/Co^  InGoAs/InP  ■  35A  GoSb/AISb  ♦  58A 

_  I  T  -  2K  •  T  -  100K  •  58X  T  -  7K  •  7n«  ' 


V» 

.*  21  A 

•  41  A 
L*  83  A 

•  30 


n*  (cm**) 


n“  (cm-*) 


n*®  (cm'*) 


Fig.b  Band  gap  renormalization  in  quas i- twod imensiona 1  systems 

-  2K  for  GaAs/GaAlAs  and  GaSb/AKGb;  =  '00  K  for  InGaAs/InP) 
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In  all  systems  the  relation  between  the  plasma  density  and  the  band 
gap  renormalization  is  close  to  AEg  »  n^'’^.  This  agrees  with  theo¬ 
retical  expectations  (Schmitt-Rink  1984).  In  the  GaAs/GaAlAs-samples 
the  renormalization  reaches  values  between  25  meV  and  40  meV  for 
densities  between  4-10^^  cm*^  and  1.5*10^2  cm*^ ;  in  the  InGaAs/ 
InP-  samples  they  are  between  35  meV  and  50  meV  for  densities  bet¬ 
ween  6.10^^  cm'^  and  2-10^^  cm“^.  Finally  in  the  GaSb/AlSb-  samples 
we  observe  a  band  gap  renormalization  between  30  meV  and  50  meV  for 
carrier  densities  between  4*10^^  cm'*  and  9‘10^^  cm“^ .  In  any  system 
we  observe  no  systematic  dependence  of  the  band  renormalization  on 
the  well  width.  This  is  a  clear  evidence  that  the  two-dimensional 
limit  is  reached  in  our  samples. 

The  absolute  values  of  the  band  renormalization  in  the  PD-systems 
are  much  larger  than  those  obtained  in  3D-3tructures  of  comparable 
materials  (figure  5a  shows  for  example  the  values  obtained  in  GaAs- 
mesa  structures  at  comparable  densities  (Capizzi  1984))  This  is  a 
consequence  of  the  increase  in  excitonic  Rydberg  due  to  the  confine¬ 
ment  of  the  carriers  in  the  quantum  wells. 

In  summary  we  have  demonstrated  that  high  excitation  luminescence 
measurements  in  quantum  well  structures  yield  information  on  basic 
material  properties  like  band  discontinuity  distribution  as  well  as 
insight  in  many-body  effects  in  reduced  dimensionality. 

We  acknowledge  the  collaboration  of  H  Leier,  P  Wiedemann  and  G  Laube 
and  discussions  with  K  W  Benz.  We  are  grateful  for  the  financial 
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MagnetO'luminescence  measurements  in  InGaAs/Ga  As  single-strained- 
quantum-wells 


E.D.  Jones,  I,J.  Fritz,  J.E.  Schirber,  M.C.  Smith  and  T.J.  Drummond 
Sandia  National  Laboratories,  Albuquerque,  New  Mexico  87185 


Abstract .  We  report  low-temperature  magneto-luminescence  studies  on 
p-type  and  n-type  s i ngl e-stra i ned-quant um-wel 1  InGaAs/GaAs 
structures.  These  structures  exhibit  a  large  strain- induced  energy 
splitting  between  the  in-plane  "light-”  and  "heavy-"  hole  valence 
bands  and  thus  effects  due  to  valence-band  mixing  are  minimal.  From 
an  analysis  of  the  magneto-luminescence  spectrum,  the  in-plane 
valence-band  masses  are  found  to  be  in  the  range  of  0.1  to  0.17m  in 
agreement  with  transport  data  on  the  p-type  samples.  Hydrostatic- 
pressure  magneto-luminescence  data  for  pressures  up  to  ^  kbar  and 
magnetic  fields  to  bT  at  are  also  presented. 


Single-strained-quantum-weil  (SSQW)  structures  comprise  a  thin  strained- 
layer  material  sandwiched  between  thick  layers  of  another  material.  The 
present  work  is  concerned  with  magneto-luminescence  measurements  with 
In  As  as  v,he  strained  SSQ'ri  and  GaAs  as  the  unstrained  thick- 

layered  material.  The  unusual  valence-band  properties  of  semiconductors 
resulting  from  such  a  biaxial  stress  h<ave  been  previously  discussed  (Sir 
and  PiKus  19'’^  and  Fritz  et  al  1986),  Magneto-luminescence  studies  for 
the  InGaAs/GaAs  strained-laycr-superlattice  (SLG)  structures  have  been 
previously  presented  'Jones  et  al  1985a  and  i985b).  For  both  the  SSQW 
and  SL.S  structures,  InGaAs  layer  is  under  compression,  has  the 

smaller  band  gap  energy  and  also  is  the  active  layer.  SSQW  structures 
have  the  maximum  amount  of  pl.an^T  compression  Hence  the 

"heavy”  and  "light”  hole  valence  bands  are  well  seperated  reducing 
effects  of  va  1  en-'e- hand  mixing  prominent  for  GaAs/GaPAn  SI.S  structures 
! Jones  et  al  1 98r  '  . 

In  this  paper,  we  rrpr.rt  t  n**  r>-3u’.*s  ••'•f  1  ow- t*-‘T.per  at  ur  ♦'  magneto- 
lumlnesc*-'r,''*'  rr^iS'jr»''^<'‘rO '•  ifr '•wr.  x  •  p-type  (TvihO'  and  x  = 

n-typ*'  ■  7  ’ \  T  ’  ■.'•wW  '.r.  'ia.  As/ laAn  structures  with  well 

wilths  "'■**.  -r  i  ;  :  *  1  "f.  iri  .-irr’er  c-‘n-.'‘*nt  r.tt  i  ons  were 

-t'  'Vs*'  1'  t  .*  X  •  m :  <.-•  ■•rr,  Vse  ar.  I  S.u  x 

*  ''rr  T'.-r  '  '  ,  r.  .  •  J  i-*  ;  i  .  •’' I  r.  if  >'  low- 

temp*-'-i»  .»*•  •  t*  .  .f  •■-r; -i»-r  *  m  o- 1  um  i  r.«''S  .'‘ti  ‘-e 

me  »s '.IT  ein*-r*  ••  >r  •  ►.*  ’w  w* 

7r..  .T-r*  .  •  ♦.  hr.;.,.-,  r  ?  f,  •rr' .  ng  fiV  trust  at  i 

pf  ♦•ss  if  V  .  T.  1.;  .-T.-ntf*  it  '.-■'W  temjw*r atures 
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and  high  magnetic  fields  has  been  previously  described  (Jones  et  al 
1985b)  and  only  a  brief  description  will  be  presented  here.  Magnetic 
fields  to  6.5T  were  provided  by  a  superconducting  solenoid  and 
luminescence  data  were  obtained  in  the  1.6  -  ilK  range  by  pumping  on  the 
helium  bath  in  which  the  sample  was  immersed.  The  magnetic  field 
direction  was  normal  to  the  SLS  layers.  The  [100]  face  of  the  sample 
was  attached  to  one  end  of  a  1 00-ym  core-diameter  quartz  fiber  by  GE 
7031  varnish.  The  sample  was  illuminated  by  the  51*1.5  nm  line  of  an 
Argon-ion  laser  through  the  fibei — optic  cable.  Hydrostatic  pressures, 
to  A  kbar,  were  generated  using  the  solid  helium  technique  (Schlrber 
1970).  For  analysis,  the  luminescence  signal,  returning  back  through 
the  fiber,  was  directed  by  a  beam  splitter  to  a  monochromator,  a  S1- 
photocathode  photomultiplier  and  a  CAMAC-based  data  acquisition  system 
(Jones  and  Wickstrom  1985). 


Figure  1.  Luminescence  spectrum  for  the  n-type  SSQW  T0195  at  kK  and 
6.3T.  The  kth  order  logarithmic  intensity  is  also  plotted.  Note  the 
double  peak  structure  for  the  n  >  0  Landau-level  transitions  at  I315 
meV,  etc. 


Figure  1  shows  a  typical  magneto-luminescence  spectrum  for  the  n-type 
SSQW  T0195  at  kK  and  6.3T.  For  more  detail,  the  logarithmic  Intensity 
is  also  displayed  in  Fig.  1.  Several  Landau-level  transitions  are 
clearly  evident.  The  double  peak  structure,  discussed  in  the  figure 
caption,  is  probably  the  luminescence  from  excited  states  of  either 
excitons  and/or  shallow  bound  donor  states.  Because  of  space 
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limitations,  these  data  and  conclusions  will  be  presented  at  a  later 
date.  For  this  paper,  only  those  transitions  associated  with  the 
interband  Landau-levels  will  be  used  in  the  present  data  analyses. 

The  luminescence  energy  in  the  presence  of  a  magnetic  field  B,  is  given 
by  (cgs  units) 


E  =  E  ♦  {n  +  1/2)  ehB/MC  (1) 

g 

where  E^  is  the  band  gap  energy,  n  is  the  Landau-level  index,  e  is  the 

electronic  charge,  h  is  Plank's  constant  over  2v  and  u  is  the  reduced 

mass  (1/u  =  1/m  ♦  1/m.  )  where  m  is  the  conduction-band  mass  and  m.  is 

e  h  e  h 

the  valence-band  mass.  All  masses  will  be  expressed  in  units  of  the 
free  electron  mass  m^  and  will  refer  to  their  in-plane  values. 

Values  for  the  band  gap  energy  E^  and  the  reduced  mass  u  can  be  obtained 

by  plotting  the  Landau-level  luminescence  energies  as  a  function  of 

magnetic  field  B  and  performing  a  two  parameter  "best  fit"  of  Eq .  1  to 

the  data.  The  resulting  "fan"  diagram  for  the  data  shown  in  Fig.  1  is 

displayed  in  Fig.  2.  The  straight  lines  drawn  through  the  data  are 

calculated  with  the  bes t-f i t- va 1 ues  1 /u  *  21.5  and  E  •  1289  meV. 

g 

Analyses  of  the  magneto- 1 umi nesoence  spectra  for  the  the  other  two 
structures  yields  1 /u  =  21.8  and  E^  -  1 300  meV  for  the  n-type  SSQW  T0196 
and  1 /u  =  20.1  and  E^  =  1379  meV  for  the  p-type  SSQW  T0160. 

In  order  to  calculate  the  plane  valence-band  mass  m,  from  the  reduced 

h 

mass  u,  knowledge  of  the  conduction  mass  m  is  required.  For  all  three 

e 

samples,  below-band-gap  luminescence  from  a  conduction-band  to  acceptor- 

level  transition  was  observed.  An  analysis  of  the  magnetic  field 

dependence  for  this  transition  yielded  a  conduction-band  mass  m^  =  0.069 

±  2%.  Similar  values  for  the  conduction-band  mass  ra  were  obtained  for 

e 

InGaAs/GaAs  SLS  structures  (Jones  et  al  1985a).  However,  as  noted  by 

these  authors,  a  value  of  m^  =  0.069  for  the  conduction-band  mass  is 

larger  than  the  value  obtained  from  magneto-transport  measurements , 

where  m^  ranges  from  0.056  to  0.060.  The  reason  for  these  differences 

is  not  understood.  Using  the  optically  determined  conduction-band  mass 

of  m  -  0.069,  the  valence-band  masses  ra..  for  each  structure  are 
e  h 

calculated  from  the  reduced  mass  data  presented  above  and  are 
respectively  mj^  ■=  0.17,  0.19  and  0.19  (±6!t)  for  T0160,  T0195  and  T0196. 
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0  1  2  a  4  s  e  7 
MAGNETIC  FIELD  (T> 

Figure  2.  Magnetic  field  dependence  of  the  luminescence  energy  of  the 
Landau-level  transitions  for  the  n-type  SSQW  sample  T0195.  The  index  n, 
top  to  bottom,  runs  from  6  to  0. 


These  values  are  in  good  agreement  with  the  magneto-transport  data  for 
p-type  InGaAs/GaAs  SSQW  structures  of  Fritz  et  al  1986.  The  differences 
between  these  valence-band  mass  values  may  be  consistent  with  the 
predictions  of  Osbourn  et  al  (1986)  which,  because  of  valence-band 
non parabol 1 ci ty ,  show  that  the  valence-band  mass  is  concentration 
dependent.  It  is  to  be  noted  here  that,  in  contrast  to  the  difference 
between  the  magneto-luminescence-determined  and  magneto- transport- 
determined  conduction-band  mass  m  ,  the  valence-band  masses  determined 
by  these  techniques  do  not  appear  to  be  significantly  different.  This 
result  suggests  that  further  investigation  concerning  the  determinations 
of  the  conduction-band  mass  using  optical  methods  is  needed. 

Figure  3  shows  the  pressure  dependence  of  the  luminescence  spectrum  for 
the  n-type  SSQW  T0199  at  atmospheric  and  3.8  kbar  pressures  at  AK  and 
6T.  Besides  the  shift  in  energy,  both  spectra  are  identical,  and  this 
is  indicative  of  the  hydrostatic  quality  of  the  He  pressure  medium.  The 
double  peak  structure  in  the  spectra  is  clearly  evident  and  again  will 
not  be  discussed  here.  The  pressure-coefficient  for  the  band  gap  energy 
E  is  10.0  meV/kbar.  For  n-type  SSQW  T0196,  the  pressure-coefficient 
fSr  the  band  gap  energy  was  found  to  be  10.5  meV/kbar.  The  pressure- 
coefficients  for  the  band  gap  energy  for  these  SSQW  structures  are  in 
good  agreement  with  those  obtained  for  the  InGaAs/GaAs  SLS  structures 
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Figure  3-  Pressure  dependence  of  the  luminescence  spectrum  for  the  n- 
type  SSQW  T01 at  UK  and  6T.  Curve  A  Is  atmospheric  pressure  and  curve 
B  Is  for  3.8  kbar. 


(Jones  et  al  1985b,  1985c)  Because  the  valence-band  mass  m  Is 
determined  by  subtracting  two  large  numbers,  the  pressure-coefficient  or 
this  parameter  is  difficult  to  determine  due  to  the  experimental 
uncertainties. 

In  conclusion,  we  have  presented  magneto-luminescence  data  for  p-type 
and  n-type  InGaAs/GaAs  SSQW  structures  which  allowed  determinations  of 
the  valence-band  mass.  It  was  found  that  the  values  for  these  masses 
are  "light"  and  are  in  agreement  with  those  obtained  by  magneto¬ 
transport  methods  and  also  with  theoretical  expectations.  It  is  noted 
here  that  in  contrast  to  the  magnet o- trans por t  method,  magneto¬ 
luminescence  determinations  of  valence-band  masses  are  not  restricted  to 
p-type  samples. 

The  authors  wish  to  acknowledge  Dr.  G.  C.  Osbourn  and  Professor  A.  Eloi 
for  many  Important  conversations  and  D.  L.  Overmyer  and  R.  J.  Blake  for 
excellent  technical  assistance.  This  work  was  performed  at  Sandia 
National  Laboratories  supported  by  the  U.S.  Department  of  Energy  under 
contract  number  DE-AC0U-756DP00789 
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Hole  transport  and  charge  transfer  in  GaAs/InGaAs/GaAs  single  strained 
quantum  well  structures 


I.J.  Fritz,  J.E.  Schirber,  E.D.  Jones,  T.J.  Drummond  and  G.C.  Osbourn 

Sandia  National  Laboratories,  Albuquerque,  New  Mexico  87185 

Abstract .  We  report  studies  of  MBE-grown  single  strained  quantum- 
well  structures  with  In^  8^^  wells  and  GaAs  barriers. 
Structures  with  selective  p-type  doping  were  investigated  using  Hall- 
effect.  magnetoresistance  and  magnetoluminescence  measurements. 
Measured  carrier  densities  were  fit  to  a  sample  charge-transfer 
model.  Directly  measured  effective  masses  confirm  the  prediction  of 
a  strain- induced,  density-dependent  light  hole  mass  for  planar 
conduction.  Mobilities  comparable  to  electron  mobilities  were 
attained. 

1 .  Introduction 

High-quality  strained-layer  epitaxy  (the  epitaxial  growth  of  lattice- 
mismatched  crystalline  films  without  misfit  dislocations)  is  possible 
for  film  thicknesses  less  than  a  mismatch-dependent  critical  value  (Van 
der  Merwe  and  Ball  1975.  Matthews  and  Blakeslee  1974).  This  phenomenon 
has  been  utilized  in  the  development  of  strained- layer  superlattices  in 
a  variety  of  compound-semiconductor  material  systems.  The  present  work 
is  concerned  with  the  use  of  st rained- layer  epitaxy  for  fabricating 
single  strained  quantum-well  (SSQW)  structures,  which  comprise  a  thin, 
strained  layer  sandwiched  between  thick  layers  of  the  substrate  material 
or  p')ssibly  another  material  which  is  lattice-matched  to  the  substrate 
(Fritz .  et  al  1986a) . 

We  report  results  of  experiments  on  SSQW  structures  with  In^  8^^ 
wells  and  GaAs  barriers.  A  series  of  MBE-grown  structures  with  well 
widths  of  --90A  and  selective  p-type  doping  has  been  investigated  using 
Hall  effect,  magnetoresistance  and  magnetolu/iiinescence  measurements .  We 
have  chosen  to  study  p-type  doping  because  of  the  interesting  changes  in 
the  valence  band  structure  produced  by  the  built-in  strain  in  the 
quantum  well.  For  the  present  samples  the  InGaAs  layers  are  under 
biaxial  compression  of  1.4%.  The  effect  of  biaxial  compression  on  bulk 
material  (Blr  and  Pikus  1974)  is  Illustrated  schematically  in  Fig.  1. 
The  volumetric  component  of  strain  increases  the  bandg'ap  whereas  the 
axial  component  <  splits  the  normally  degenerate  heavy  and  light  hole 
bands.  As  indicated  by  the  dispersion  curves,  the  uppermost  valence 
band  has  a  light  mass  [m^*  -  (0.1-0.2)m^,  where  ra  Is  the  free  electron 
mass]  near  the  zone  center,  a  phenomenon  which  fs  expected  to  lead  to 
enhanced  electrical  transport  for  holes  in  our  SSQW  structures  compared 
to  GaAs.  Recent  calculations  have  suggested  that  the  planar  light  hole 
mass  depends  strongly  on  carrier  density  due  to  band  nonparabol iclty 
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Fig.  1.  Effect  of  built-in  strain 
on  (a)  energy  levels  and  (b)  valeuce- 
band  dispersion.  Strain  is  caused  by 
biaxial  stress  (compressive)  due  to 
lattice  mismatch  between  GaAs  and 
InGaAs . 


Fig.  2.  Schematic  illustration 
of  simple  model  for  band  bending 
and  charge  transfer  in  SSQU 
structures.  Half  of  the  symme¬ 
trically  doped  structure  is 
shown . 


(Osbourn  et  al  1986).  Therefore  it  is  of  interest  to  study  properties 
over  a  range  of  densities. 


2 .  Charge  Transfer 


Control  of  carrier  density  in  the  quantum  well  requires  an  understanding 
of  the  charge  transfer  process,  which  depends  strongly  on  the  details  of 
the  doping  profile,  due  to  the  rather  small  band  offset  (-60-70meV  for 
the  present  structures)  and  deep  acceptor  levels  (V  “  30meV  for  Be  in 
GaAs).  A  simple  model  has  been  developed  to  estimate  charge  transfer. 
In  Fig.  2  half  of  a  symmetric  SSQW  structure  is  shown.  The  quantum  well 
of  width  L  confines  a  carrier  gas  of  areal  density  p.  The  region  of 
width  d  adjacent  to  the  well  is  an  undoped  spacer  layer,  beyond  which 
is  a  region  of  width  d^  doped  at  a  volume  density  of  Pjp-  Our  simple 
model  ignores  band-bending  in  the  well  and  assumes  zero  space  charge  in 
the  spacer  layer.  We  denote  as  the  band  bending  in  the  depletion 
region  and  Vj  as  the  Fermi  energy  relative  to  the  bottom  of  the  subband. 
We  consider  two  limiting  situations.  The  first  ("partial  transfer")  is 
under  conditions  where  the  depletion  width  dj^  is  less  th.m'd^,  and  the 
second  ("full  transfer")  is  in  the  limit  where  the  depletion  width  is 
wide  enough  for  all  charge  to  transfer.  In  the  partial  transfer  regime 
we  use  the  depletion  width  approximation  to  model  the  space  charge.  A 
simple  analytical  expression  then  describes  the  charge  transfer: 


AV 


+ 


2 

_££_ 


Pm 
s  3D 


P 


(1) 
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where  h  is  the  reduced  Planck's  constant,  e  is  the  electronic  charge 
magnitude,  and  €  is  the  GaAs  dielectric  constant.  Here  AV,  which  is  the 
difference  between  the  band  offset  and  the  sum  of  the  confinement  energy 
and  V  ,  is  taken  as  an  adjustable  parameter,  due  to  uncertainty  in  the 
offset.  Note  that  we  have  assumed  a  parabolic  band  with  mass  m*  to 
approximate  the  band  filling,  A  value  of  m*  -  0.14  m  was  used.  In  the 
full  transfer  regime  we  have  the  simple  relation  p  - 

In  Fig.  3  results  for  measured  carrier  density  (from  Hall  data  below 
77K)  are  plotted  vs  P_  (from  nominal  growth  conditions)  for  a  series  of 
nine  samples  with  nominal  dimensions  of  d  -  125  A  and  d  -  150  A.  Good 
fits  of  the  charge  transfer  model  are  obtained  for  dimensions  about  20% 
smaller  than  these  as  indicated  by  the  lines  on  the  figure.  The  20% 
difference  is  within  experimental  uncertainty.  A  value  of  AV  ==  35  meV 
is  obtained  from  the  fit.  This  value  is  consistent  with  the  value  of 
“-30meV  predicted  from  simple  modeling  (Osbourn  1983,  Fritz,  et  al  1986b) 
based  on  a  valence-band  offset  of  0.235eV  between  GaAs  and  InAs. 


PjO  (cm“3) 


Fig.  3.  Measured  charge  transfer 
characteristics  for  a  series  of 
samples  with  nominal  spacer  thick¬ 
nesses  of  150A  and  doping  spikes  of 
125A  (solid  circles).  Best  fits  of 
the  charge  transfer  model  (solid  and 
dashed  lines)  are  obtained  with  some 
what  thinner  layers,  as  indicated. 


Fig.  4.  Directly-measured  hole 
effective  mass  for  SSQW  samples. 
Dashed  line  represents  variation 
of  single  sample  with  optical 
excitation.  Solid  curve  is  fit 
to  theoretical  t ight -binding 
model . 


Mass  Measurements 


Strong  quantum  oscillations  of  magne jjres jstance  were  observed  at  4K  and 
below  for  samples  with  p  >  1  x  lO^^cm  (Fritz  et  al  1986a).  Samples 
with  lower  carrier  density  generally  had  mobilities  which  were  too  low 
for  observation  of  oscillations.  Effective  masses  were  determined  from 
the  temperature  dependence  of  the  amplitude  of  oscillation  in  field 
regions  where  the  oscillations  were  sinusoidal  (Schirber  et  al  1985). 
Results  for  (reduced)  effective  mass  m^*/m  as  a  fun-^tion  of  p  are  shown 
in  Fig.  4  for  five  SSQW  samples.  Dala  obtained  on  one  sample  with 
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density  varied  by  optical  excitation  are  indicated  by  a  dashed  line. 
The  solid  line  represents  a  model  tight-binding  calculation  which  has 
been  fitted  to  the  data  at  high  density  (Osbourn  et  al  1986) .  Agreement 
with  experiment  is  within  experimental  uncertainty. 

Confirmation  of  the  light  planar  hole  mass  has  also  been  obtained  from 
magnetoluminescence  measurements  (Jones  et  al  1985) .  Typical  data  for 
an  SSQW  sample  are  shown  in  Fig.  5.  The  single  band-edge  luminescence 
peak  observed  at  zero  field  becomes  a  series  of  peaks  due  to  transitions 
between  Landau  levels  at  high  field.  Three  levels  are  observed  at  6.3T, 
From  the  level  splitting,  a  reduced  mass  may  be  determined,  from  which  a 
hole  mass  may  be  calculated,  provided  the  (effective)  electron  mass  is 
known.  For  the  sample  of  Fig.  5  a  mass  of  0.17  is  obtained,  in 
good  agreement  with  the  value  of  0.16  obtaine§  from  magnetoresistance 
data . 


Luminescence  Energy  (eV) 

Fig,  5.  Magnetoluminosconce  data  at 
B  =  0  and  6.3T.  Both  linear  and 
logarithmic  traces  are  given. 
Three  Landau  level  transitions  are 
observed  at  high  field. 
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Fig.  6.  Hall  carrier  density  B 
versus  temperature  for  two 
SSQW  samples. 


linll  Etfecr. 

Mall -effect  data  between  4K  and  300K  are  shown  in  Figs.  6  and  7  for  two 
SSQW  samples,  T160  and  T168.  As  can  be  seen  from  Fig.  3,  our  charge 
transfer  model  suggests  that  sample  T160  is  in  the  ;#artial  transfer 
regime,  whereas  T168  is  in  the  full  transfer  regime.  The  data  of  Fig.  6 
for  the  temperature  dependence  of  the  Hall  density  consistent 
with  this  picture,  as  can  be  seen  from  the  following  argument.  The 
measured  Hall  ratio  for  the  present  problem  must  generally  be  described 
by  the  theory  of  two-layer  conduction  (Kane  et  al  1985).  However,  at 
temperatures  near  300K,  the  mobilities  of  the  InGaAs  well  and  GaAs 
barrier  are  nearly  equal,  so  chat  the  measured  Hall  coefficient  yields  a 
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Fig.  7.  Hall  mobility  versus 
temperature  for  two  SSQW  samples. 


Corrier  density  (lO'^cm 


Fig.  8.  Hall  mobility  versus 
carrier  density  at  4K  for  sample 
T168  at  various  levels  of 
optical  illumination  (solid 
circles),  for  several  p-type 
SSQW's  in  the  dark  (open 
squares),  and  for  a  gated  n*type 
SSQW. 


close  approximat ion  to  the  total  carrier  density.  The  total  den.sity  i.s 
also  measured  correctly  at  low  temperatures,  where  the  carriers  in  the 
GaAs  are  frozen  into  the  acceptor  states.  Thus  the  high-  and  low- 
temperature  limits  of  the  data  in  Fig.  6  suggest  that  about  25%  of 
sample  T160's  carriers  transfer  into  the  well,  whereas  sample  T168 
appears  to  exhibit  nearly  total  charge  transfer. 


Hall  mobility  data  are  shown  in  Fig.  7.  The  data  for  sample  T160  are 
typical  of  our  best  samples,  with  mobility  Increasing  monotonical^y 
decreasing  temperature  to  4K.  Mobilities  at  4K  of  up  to  3  x  10  cm  /Vs 
haye  ^beon  achieved.  This  value  is  comparable  to  the  value  of  3.5  x 
10  cm  /Vs  obtained  for  n-type  selectively-doped  InGaAs/GaAs 
superlattices  grown  in  the  same  growth  cha^bej.  At  77K  typical 
mojjil^ties  for  the  present  samples  were  7  x  10  cm  /Vs  compared  co  3  x 
10  cm  /Vs  for  the  n-type  super latt ices .  Note  chat  the  ratio  of  n-  to  p- 
tvpe  mobilities  (at  77K)  is  -4-5  compared  to  a  ratio  of  -25  for  high- 
quality  GaAs/AlGaAs  heterostructures.  This  may  be  taken  as  evidence  of 
enhanced  transport  for  holes  in  the  strained  InGaAs  layers,  even  though 
present-day  mobilities  are  less  than  have  been  achieved  in  the  AlGaAs 


Mobility  data  for  sample  T168  are  also  shown  in  Fig.  7.  For  this 
relatively  lightly-doped  sample.  the  low- temperature  mobility  is 
significantly  degraded  compared  to  samples  with  higher  carrier  density. 
We  believe  the  degradation  at  low  temperature  is  most  likely  due  to 
residual  impurities  in  the  (nominally)  undoped  regions  of  the  structure, 
although  the  exact  nature  of  these  impurities  has  not  as  yet  been 
determined.  We  have  investigated  the  dependence  of  the  Hall  effect  in 
sample  T168  at  4K  under  optical  illumination  and  have  obtained  data  for 
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mobility  as  a  function  of  carrier  density  from  the  results.  The  data 
are  shown  in  Fig.  8  as  solid  circles.  Note  that  the  mobility  changes  by 
a  factor  of  -9  for  a  factor  of  2  change  in  carrier  density.  Such  a 
strong  dependence  does  not  appear  to  be  interpretable  in  terms  of 
current  theories  of  screened  Coulomb  scattering  (Drummond  et  al  1981) , 
and  may  partly  reflect  changes  in  the  charge  state  of  impurities  under 
illumination.  By  contrast,  data  obtained  on  an  n-type  selectively-doped 
SSQW  with  carrier  density  varied  by  an  applied  field  showed  a  weaker 
dependence  of  mobility  on  density,  as  Indicated  by  the  dashed  line  in 
Fig.  8.  The  open  squares  in  Fig.  8  represent  data  on  four  other  p-type 
samples  and  show  a  fairly  jjrong  decrease  of  mobility  for  carrier 
densities  greater  than  2  x  10  cm  Increases  in  the  effective  mass, 
intersubband  scattering,  and  remote  impurity  scattering  with  density 
probably  are  important  contributing  factors  in  the  reduction  of  mobility 
at  high  density.  Further  measurements  on  samples  with  a  range  of  spacer 
thicknesses  are  needed  to  investigate  these  effects  in  more  detail. 

5 .  Conclus ions 

We  have  investigated  p-type  selective  doping  in  GaAs/InGaAs/GaAs  SSQW 
structures  using  electrical  transport  and  optical  techniques.  A  simple 
model  appears  adequate  for  describing  charge  transfer  in  these 
structures  and  should  prove  useful  for  designing  structures  for  device 
and  fundamental  studies.  Effective-mass  measurements  confirm  the 
existence  of  a  strain- induced  light  mass  for  planar  transport,  and  Hall- 
effect  studies  indicate  enhanced  transport  due  to  this  light  mass. 
Improvements  in  crystal-growth  techniques  to  reduce  impurities  need  to 
be  made  in  order  for  the  full  potential  for  high  hole  mobility  to  be 
realized. 


Acknowledgements 

We  have  benefited  from  technical  assistance  from  R.  F.  Martinez,  D.  L, 
Overrayer  and  L.  L.  Stephenson.  This  work  was  performed  at  Sandla 
National  Laboratories  supported  by  the  U.S.  Department  of  Energy  under 
contract  number  DE- AC04 - 76DP00789 . 


References 


Blr  G  L  and  Pikus  G  E  1974  Symmetry  and  Strain- Induced  Effects  in 
Semiconductors  (New  York:Wlley)  Ch  5 

Drummond  T  J,  Morkoc  H.  Kess  K  and  Cho  A  Y  1981  J  Appl  Phys  ^  5231 
Fritz  I  J,  Drummond  T  J,  Osbourn  C  C,  Schirber  J  E  and  Jones  E  D  1986a 
Appl  Phys  Lett  ^  1678 

Fritz  I  J.  Doyle  B  L,  Drummond  T  J,  Biefeld  R  M  and  Osbourn  G  C  1986b 
Appl  Phys  Lett  48  1606 

Jones  E  D,  Ackermann  H,  Schirber  J  E,  Drummond  T  J.  Dawson  L  R  and  Fritz 
I  J  1985  Solid  State  Commun  ^  525 

Kane  M  J,  Apsley  N,  Anderson  D  A,  Taylor  L  L  and  Kerr  T  1985  J  Phys 
C: Solid  State  Phys  M  5629  ' 

Matthews  J  W  and  Blakeslee  A  E  1974  J  Cryst  Growth  27  118 
Osbourn  G  C  1983  Phys  Rev  B27  5126 

Osbourn  G  C,  Schirber  J  E,  Drummond  T  J,  Dawson  L  R,  Doyle  B  L  and  Fritz 
I  J  1986  to  be  published 

Schirber  J  E,  Fritz  I  J  and  Dawson  L  R  1985  Appl  Phys  Lett  46  187 

Van  der  Merwe  J  H  and  Ball  CAB  1975  in  Epitaxial  Growth  ed  J  W 

Matthews  (New  YorkiAcademic)  Ch  6  and  references  therein 


Insl.  Phys.  Conf.  Ser.  Na  83:  Chapter  4 

Paper  presented  at  tnl.  Symp.  GaAs  and  Related  Compounds.  Las  Peftas.  Nevada,  1986 


239 


Characterization  of  mo<lulation*doped  FET’s  using  the  Shubnikov 
de  Haas  oscillations 
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Massachusetts  Institute  of  Technology,  Cambridge,  MA  02139,  USA 


Abstract.  Novel  uses  of  the  Shubnikov-de  Haas  (SdH)  oscillations  in  the  char¬ 
acterization  of  AlGaAs/GaAs  MODFET’s  are  demonstrated.  The  SdH  oscil¬ 
lations  were  used  to  measure  the  gate-to-channel  capacitance,  the  density  of 
two-dimensional  electrons  in  the  channel,  and  to  detect  the  onset  of  parallel 
conduction  in  the  AlGaAs  layer.  The  characterization  methods  do  not  require 
knowledge  of  any  device  parameters,  and  are  immune  to  parasitic  capacitance 
and  source-drain  series  resistances.  One  needs  to  know  only  the  magnetic  field, 
the  gate  voltage,  and  the  SdH  oscillation  period.  The  characterization  methods 
can  be  applied  to  MODFET’s  fabricated  in  other  materials. 

1.  Introduction 

The  gate-to-channel  capacitance  per  unit  area  and  the  onset  of  parallel  conduction  in 
a  modulation  doped  FET  (MODFET)  are  the  fundamental  parameters  for  both  device 
and  circuit  design.  These  parameters,  however,  cannot  be  determined  accurately  by 
conventional  C-V  and  1-V  measurements,  due  to  the  effects  of  parasitic  capacitance 
and  series  resistance.  This  paper  describes  the  use  of  the  Shubnikov-de  Haas  (SdH) 
oscillations  to  measure  directly  the  gate-to-channel  capacitance  and  the  onset  of  the 
parallel  conduction  in  AlGaAs/GaAs  MODFET’s.  The  SdH  oscillations  refer  to  os¬ 
cillations  of  the  drain  current  or  transconductance  of  an  FET  in  a  magnetic  field,  as 
the  magnetic  field  or  the  gate  voltage  is  swept  respectively  (,\ndo  et  al  1982).  The 
SdH  measurements  are  immune  to  the  parasitic  cajmcitance  and  source-drain  series 
resistances.  One  needs  to  know  only  the  magnetic  field,  the  gate  voltage,  and  the  SdH 
oscillation  period. 

2.  The  Shubnikov-de  Haas  oscillations 

When  a  magnetic  field  B  is  applied  normal  to  the  electron  conduction  plane  of  an 
n-channel  MODFET,  the  energy  of  the  quasi-two  dimensional  electrons  in  the  chan¬ 
nel  becomes  quantized.  The  energy  levels  E„,  so-called  the  Landau  levels,  are  given 
(Landau  and  Lifshitz  1965)  by 


E„  =  (n  +  -)hut , 
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wht’io  11=0,  1,  2.  •  ■  urt-  the  Laiulavi  Icvol  imiiiUors,  h  is  thf  Planck  constant  cliviiled 
by  2ir,  =  qDjm'  is  the  cyclotron  frc<iueiicy,  q  is  the  absolute  value  of  the  electron 
charge,  and  m’  is  the  effective  mass  of  the  electron. 

.4s  the  Fenni  level  is  swi’pt,  by  varying  the  gate  potential  in  a  fixed  magnetic  field, 
across  the  Landau  levels,  the  drain  ctirreiit  peaks  when  the  F<'rmi  level  and  a  Landau 
level  are  lined  up,  and  dips  when  tlie  Fenni  level  is  betwe<-n  the  two  Landau  levels. 
Therefore  the  drain  current  oscillates  with  the  gate  voltage.  The  oscillation  is  referred 
as  the  Shubnikov-de  Haas  Oscillation  with  the  gate  voltage  (SdH-G).  Similarly,  the 
drain  cvirrent  ran  oscillate  with  the  magnetic  field  at  a  fixed  gate  potential  (SdH-M)  as 
well,  as  the  Landau  levels  are  swept,  by  changing  the  magnetic  field,  across  the  fixed 
Fermi  level. 

In  the  SdH-G,  the  maximum  number  of  electrons  per  unit  area  that  each  Landan  level 
ran  accommodate,  A.V,  is  fixed  and  given  by  (Landwehr  1975) 


A.V  := 


T^h 


(2) 


where  is  the  valley  degeneracy  of  a  .si-miconductor,  which  is  1  for  GaAs  and  2  for 
(100)  Si  (Note).  When  the  gate  voltage,  \v7.s,  is  well  above  the  threshold  voltage,  VV, 
of  the  device,  the  number  of  elwtrons  i)er  unit  area  in  the  channel  is  related  to  the 
gate-to-channel  capacitance,  C\  by 


Thu.s, 


.Y  = 


— (los  -  I’/  )  . 


(3) 


A.V  =  -Aids  ,  (4) 

9 

where  Aids  i-'’  the  increment  of  gate  voltage  nece.ssary  to  create  A.V,  and  equals  the 
spacing  between  adjacent  oscillation  j«’aks  (Note  that  at  low  temperatures  electrons 
fill  energy  states  up  to  the  Fermi  level).  Eipiating  E<is.  (2)  and  (4).  we  have 


(5) 


or 

C  =  7.72  X  10“'’</,,(  —  — )  F/cnP  (5a) 

A  I  (;s 

where  D  is  in  tesla,  and  Aids’  is  in  volts.  Experimentally,  both  D  and  Aids  can  be 
measured  with  good  precision,  and  therefore  th<’  gate-to  channel  capacitance,  C.  of  a 
device  can  be  extracted  directly. 

The  gate-to-channel  capacitance,  C.  of  a  MODFET  consists  of  two  iiarts:  (1)  the 
capacitance  due  to  the  thickness.  Z,,  of  the  AlGaAs  layer,  and  (2)  the  capacitance 
due  to  the  average  distance,  betwix'ii  the  chanix-l  ehvtrons  ami  the  semiconductor 
interface.  It  is  important  to  note  (hat  Z.,,,  is  a  function  of  gate  bia.s,  but  for  Id.s  >>  IV 
it  does  not  vary  appreciably.  The  rajjacitance  is  related  to  the  above  two  distances  by 


(  haraCfrisalKin 


-Ml 


C 


(6) 


where  is  the  dielectric  constant  of  GaAs,  and  t,  is  the  dielectric  constant  of  AIGaAs. 
Having  measured  C  by  the  SdH,  the  ran  extracted  if  Z,  is  determined  using  other 
methods,  or  vice  versa. 


In  the  SdH-M  measurement,  the  Fenni  level.  Ef,  is  fixed  and  so  is  the  electron  density 
in  the  channel.  Then  the  period  of  1/B  is.  from  Eq.  (1),  constant  and  given  by 


9v<t 

trfi.V 


Rewritting  Eq.  (7),  we  have 


(7) 


or 


.V  = 


(8) 


AT  =  4,83  X  10'“-;^  cm-'  (8a) 

which  means  that  the  electron  density  in  the  channel  can  be  determined  from  the 
period  A(l/fl).  By  measuring  Vcs  and  A(l/B),  we  can  make  a  plot  of  N  vs.  Vfjs-  If 
C  is  independent  of  gate  voltage,  as  can  be  seen  from  Eq.  (3),  the  plot  is  a  straight  line 
and  the  slope  is  the  gate-to-channel  capacitance.  When  parallel  conduction  in  the  low 
mobility  AIGaAs  layer  in  a  AlGaAs/GaAs  MODFET  begins,  C  becomes  a  function  of 
gate  voltage,  and  drops  with  increasing  gate  voltage.  In  this  case,  the  N  vs.  Vos  curve 
deviates  from  a  straight  line.  The  onset  of  parallel  conduction  can  thus  be  determined 
from  the  start  of  that  deviation. 

The  requirements  for  observation  of  the  SdH  oscillations  are  that  the  thermal  energy 
broadening,  kT,  and  the  scattering-induced  energy  broadening,  h/r,  be  smaller  than 
the  Landau  level  spacing,  fiw,  where  k  is  the  Boltzmann  constant,  T  is  the  tempera¬ 
ture,  and  r  is  the  momentum  relaxation  time.  This  implies  that  the  SdH  measiuement 
has  to  be  carried  out  at  low  temperatures,  and  that  a  device  has  to  have  a  reason¬ 
able  mobility.  The  specific  values  of  temperature  and  mobility  that  are  necessary  to 
observe  the  SdH  oscillation  can  be  estimated  from  fiw  >  kT  and  hw  >  h/r  respec¬ 
tively.  These  expressions  give  the  following  two  criteria  for  observing  SdH  oscillations: 
T  <  1.3B/(m'/mo)  K  and  p  >  10^/B  cm'/V-sec,  where  B  is  in  Tesla  and  mo  is  the 
free  electron  mass. 

From  the  observation  criteria,  it  can  be  seen  that,  except  at  extremely  high  magnetic 
fields,  neither  the  electrorrs  in  the  heavily  doped  AIGaAs  layer  nor  the  electrons  in 
the  n'*^  regions  contribute  to  the  SdH  oscillation  because  of  their  low  mobilities.  The 
fact  that  electrons  in  n'*'  region  move  in  a  3-dimensional  space  also  prevents  them 
contributing  to  the  SdH  oscillations.  Therefore,  the  SdH  measurements  are  immune  to 
parasitic  capacitance  and  series  resistance. 
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3.  Experimental 


The  modulation-doped  layers  used  in  this  study  was  grown  by  molecular  beam  epitaxy 
(MBE)  on  Cr-doped  semi- insulating  (100)  GaAs  substrate.  The  growth  tempera¬ 
ture  was  610  °C.  The  modulation-doped  structure  consists  of  a  1  fim  GaAs  buffer. 
5  nm  thick  undoped  Alo.sGao.rAs  spacer,  a  35  nm  thick  Si-doped  (1  x  10'*  cm“*) 
Ala.3Gao.7As  layer,  and  a  15  nm  thick  n‘*'-GaAs  cap  layer.  The  grown  layer  has  a 
Hall  mobilities  of  4500  cm’/V-s  and  41,400  cm^/V-s  at  300  K  and  77  K  respectively. 
AuGe{70  nm)-Ni(15  nm)-Au(60  nm)  was  deposited  and  alloyed  to  form  ohmic  contacts. 
Mesa  isolation  and  gate  recess  were  then  performed  by  wet  chemical  etching.  Finally. 
Ti(60  nm)-Pt(15  nm)-Au(80  nm)  gate  was  deposited  by  lift-off  technique.  The  drain 
I-V  characteristics  of  a  1  pm  gate  device  at  300  K  and  77  K  are  shown  in  Fig.  1.  For 
1  pm  gate  devices,  the  maximum  transconductances  measured  were  210  mS/mm  and 
310  mS/mm  at  300  K  and  77  K  respectively.  The  highest  transconductance  for  5  pm 
gate  devices  at  300  K  was  120  mS/mm. 


The  SdH  measurements  were  carried  out 
at  low  temperatures  (~1.2K)  in  a  Bit¬ 
ter  magnet.  Both  the  conductance  and 
the  transconductance  of  devices  were  di¬ 
rectly  measured  using  a  lock-in  ampli¬ 
fier.  The  source-drain  voltage  was  kept 
less  than  the  Landau  level  spacing,  i.e. 
a  few  millivolts,  to  avoid  the  electron 
transition  between  the  Landau  levels. 
The  SdH-G  oscillations  of  a  5-pm  gate- 
length  AlGaAs/GaAs  MODFET  at  dif¬ 
ferent  magnetic  fields  are  shown  in  Fig.  2. 
When  the  gate  voltage  is  below  -0.1  V, 
the  transconductance  oscillates  period- 
icly  with  the  gate  voltage,  and  the  spac¬ 
ing  between  the  peaks  is  constant.  P'rom 
the  spacing  of  the  peaks,  the  gate-to- 
channel  capacitance  calculated  from  Eq. 
(5)  are  1.96x10”^  F/cm’  at  B=2.5  T, 
and  1.90x10"^  F/cm’  at  B=3T  As  ex¬ 
pected,  the  capacitance  is  independent  of 
the  magnetic  field  within  the  experimen¬ 
tal  error. 

Having  the  gate-to-channel  capacitance 
and  knowing  the  total  Alo.3Gao.7As  thick¬ 
ness,  Zi,  from  the  growth  parameters,  one 
can  calculate  the  average  distance  of  elec¬ 
trons  from  the  interface,  Z^v,  if  the  dielec¬ 
tric  constants  are  known.  The  dielectric 
constant  of  Alo.3Gao.7As  was  obtained  by 
a  linear  interpolation  between  the  dielec¬ 
tric  constants  of  GaAs  and  AlAs 


(b) 


Fig.  1.  The  1-V  characteristics  of  a  1  fim 
gate  MODFET,  at  (a)  300  K,  and  (b) 
77  K. 
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(Casey  and  Panish  1978).  The  dielec¬ 
tric  constants,  t,  of  GaAs  and  AlAs  at 
1.3  K  were  obtained  from  (Strzalkowski 
et  al  1976) 

€.  =  «.(T  =  0)  -1-  2.5  X  10-®T, 

where  eoaAiiT  =  0)=12.35  and 

fAiA.{T  =  0)=9.31.  Using  C  =  1.93  (± 
0.03)  X 10“^  F/cm’,  Z,  =  40  nm,  and  «, 
of  Alo.3Gao.7As  =  11.44,  one  finds  that 
Zav  =  13.5  ±  2  nm. 

In  the  SdH-M  measurement,  the  B  field 
was  swept,  while  the  gate  voltage  was 
fixed.  Figure  3  shows  the  drain  cur¬ 
rent  of  the  5^m-gate-length  MODFET 
vs.  magnetic  field  at  two  different  gate 
voltages.  The  electron  density  was 
calculated  from  the  oscillation  period 
A(g),  and  is  plotted  against  V05  in 
Fig.  4.  It  can  be  seen  that  once  paral¬ 
lel  conduction  starts,  the  electron  den¬ 
sity  in  the  channel  almost  ceases  to  in¬ 
crease  with  increasing  Vas-  From  the 
linear  part  of  the  curve,  the  gate-to- 
channel  capacitance  is  determined  to 
be  1.65  X  10”^  F/cm’,  which  is  about 
15%  smaller  than  that  measured  by  the 
SdH-G  method.  This  difference  can  be 
explained  by  the  fact  that  the  paral¬ 
lel  conductance  starts  before  Vgs=0, 
as  indicated  in  the  SdH-G  measure¬ 
ment,  where  the  oscillation  period  of 
the  transconductance  becomes  larger 
when  Vc5  is  greater  than  the  -0.1  V. 
Had  we  had  more  data  points  bel¬ 
low  Vb5=-0.1  V,  the  capacitances  mea¬ 
sured  by  the  SdH-G  and  the  SdH-M 
should  be  the  same.  Figure  5  shows  the 
N  vs.  Vg5  curves  of  an  enhancement¬ 
mode  5-/<m-gate  MODFET  with  a  dif¬ 
ferent  threshold  voltage  and  different 
threshold  for  onset  of  parallel  conduc¬ 
tion.  Again,  the  N  curve  bends  very 
sharply  once  parallel  conduction  starts. 


Vgs  (volts) 


Fig.  2.  The  SdH  oscillations  of  transcon¬ 
ductance  with  gate  voltage  Vcs  for  a 
5-/xm-gate  MODFET  at  different  mag¬ 
netic  fields,  and  Vbs  =  1  mV. 


Fig.  3.  The  SdH  oscillations  of  the  drain 
current  I  with  magnetic  field  B  for  a  5- 
/im-gate  MODFET  at  different  gate  volt¬ 
ages. 


to 

- 1 - 1 - 1 - 1 — 7" 

GoAs  MODFET  (173) 

^  8 

-  L  =  - 

E 

T  =  1.3K  _ 

0  6 

K 

^  Onset  o1  paiollel 

^  4 

conduction 

2 

— 1 — _ 1 _ 1 

-0.6  -0.4  -0.2  0  0.2  0.4 

Vgs(V) 

Fig.  4.  The  electron  density  N  in  the 
channel  of  a  5-/im-gate  MODFET  vs. 
the  gate  voltages  Vos- 
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4.  Conclusion 

We  have  demonstrated  that  the  Shub- 
nikov-de  Haas  oscillations  can  be  used 
to  measure  directly  the  gate-to-channel 
capacitance,  to  measure  the  carrier 
density  in  the  channel,  and  to  detect 
the  onset  of  parallel  conduction  in  Al- 
GaAs/GaAs  MODFET’s.  The  SdH 
measurements  do  not  require  knowl¬ 
edge  of  device  parameters,  and  are 
immune  to  the  gate  parasitic  capac¬ 
itance  and  source-drain  series  resis¬ 
tance.  When  the  magnetic  field  is 
known,  it  is  only  required  to  measure 
the  oscillation  period  with  gate  voltage 
to  determine  the  gate-to-channel  capacitance.  Then  the  onset  of  parallel  conduction 
can  be  determined  from  the  1^05  at  which  C  starts  decreasing.  The  characterization 
methods  can  be  applied  to  MODFET’s  fabricated  in  other  materials. 


0.4  0.5 

Vgs(  V) 


Fig.  5.  The  electron  density  N  in  the 
channel  of  an  enhaned-mode  5-pm-gate 
MODFET  of  different  threshold  voltage 
vs.  the  gate  voltages  Vcs- 
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Growth  parameter  dependence  of  2DEG  mobility  in  selectively  doped 
n-AIGaAs/GaAs  grown  by  MO-CVD 


H.  Tokuda,  A.  Tanaka,  H.  Kawasaki,  I.  Inami ,  M.  Higashiura,  S.  Hori 
and  K.  Karaei 

Microwave  Solid-State  Department,  Komukai  Works,  Toshiba  Corporation 

I,  Komukai  Toshiba-cho,  Saiwai-ku,  Kawasaki  210,  Japan 

Abstract .  Growth  parameter  dependence  of  2DEG  mobility  in  selectively 
doped  n-AllaAs/GaAs  was  investigated  for  wafers  grown  by  MO-CVD.  The 
most  characteristic  piarameter  or.  the  2DEG  mobility  was  found  to  be 
iv]/[lll]  ratio.  The  mobility  increased  with  increasing  [V]/[III]  ratio, 
while  sheet  carrier  concentration  was  constant.  A  low  noise  HEMT  fabri¬ 
cated  on  a  wafer  grown  at  optimized  conditions  showed  minimum  noise 
figures  of  O.TT  and  1.18  dB  wit:,  associated  gains  of  11.5  and  9.7  dB 
at  12  and  16  GHz,  respectively. 

1 .  Introduction 

High  electron  motility  transistors  (iiEMTs)  have  showr.  the  superiority  to 
GaAs  MESFETs  as  a  microwave  low  noise  devices  (Karaei  et  al.  1985).  Almost 
all  of  t;.e  developed  HE.^ITs  reported  so  far  ;.ave  teen  using  wfU’ers  grown  by 
MBE.  MO-CVD  i.s  another  a; ;  roac.h  for  growing  w.afer,-  :'or  HEMT,  and  it  is 
potentially  superior  to  !®E  in.  terms  of  surface  morphology  and  productivity. 
Recently,  Taiiakn  et  .al.  (loot)  reported  oi:  low  noise  characteristics  of 
HE^^^  using  the  wafers  grown  by  MO-CVD.  The  reported  noise  figure  of  0.6?  dB 
at  12  GHz  is  encouraging  for  th.e  utilization  of  MO-CVD  to  the  growth  of 
HEMT  wa.‘'ers.  Ur  to  present,  .however,  little  is  known  on  the  relations  be- 
feen  growti.  parameters  and  t!ie  performance  of  HEMTs,  .and  more  efforts  to¬ 
ward  the  optimization  of  growti.  parameters  are  needed  to  improve  tiie  iiEMT 
performance . 


In  this  paper,  growti.  parameter  dependence  of  2-dimensional  electron  gas 
{2DEG)  mobility  in  selectively  doped  n-AlGaAs/GaAs  structure  grown  by  MO-CVD 
is  described.  HEMTs  were  fabricated  on  the  wafers  grown  at  different  [AsH  ]/ 
[TMG]  or  [AsH.]/(  [TMG]+[TMA]  )  ([V]/[III])  ratios,  and  tlie  relations  between 
[V]/[III]  ratios  and  dc  and  microwave  cliaracter istlcs  of  HEMTs  are  also  des¬ 
cribed  . 


2 .  Epittixial  growti:  and  measurements  of  2DEG  mobility 

The  MO-CVD  apparatus  used  tlirougli  this  work  was  a  vertical  type  reactor 
operating  under  atmospheric  pressure.  The  source  materials  were  trimethyl 
gallium  (TMG),  trimethyl  aluminum  (TMA)  and  arsine  (AsH  ).  Silane  was  used 
as  a  dop'ant  g-as.  The  growth  temperature  was  monitored  by  the  themocouple 
whicii  was  placed  in  tlie  grajliite  susceptor.  To  achieve  an  abrupt  AlGaAs/GaAs 
interface,  growth  was  carried  out  under  high  gas  velocity  of  50  cm/s  and  low 
growth  rate  of  3  A/s. 
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m 

A  0.5  Um-thick  undoped  GaAs  layer,  10  or  50  A-thlck  undoped  AlGaAs  spacer 
layer,  300  A-thick  n-AlGaAs  layer  and  UOO  A-thick  n-GaAs  cap  layer  were  suc¬ 
cessively  grown  on  semi-insulating  Cr-dopeu  GaAs  substrates.  The  content  of 
A1  in  the  AlGaAs  layers  was  fixed  to  be  0.3.  In  the  growth,  the  following 
three  growth  parameters  were  varied  and  the  dependences  of  2DEG  mobility  and 
sheet  carrier  concentration  on  each  parameter  were  investigated;  (i)  SiHj^ 
mole  fraction  during  the  growth  of  n-AlGaAs  and  n-GoAs  layers,  (ii)  growt;. 
temperature  and  (iii)  ratio  (from  now  on,  [V]/[III]  ratio  it 

defined  as  [AsH  i/[TMG]). 


The  mobility  and  sheet  carrier  concentration  of  the  tOEG  were  determined  by 
the  following  procedure.  The  depth  profiles  of  mobility  and  sheet  carrier 
concentration  (n  )  were  measured  using  van  der  Pauw  method  for  each  successive 
step  etching.  Figure  1  shows  an  example  of  the  measured  profiles.  The  mo¬ 


bility  shows  a  peak  when  etched  to  a  depth 
of  500  A  from  the  surface.  The  peak  mobil¬ 
ity  and  corresponding  n  are  considered  to 
be  those  of  the  2DEG.  fhis  can  be  under¬ 
stood  as  follows.  When  the  etching  depth, 
is  shallow  so  that  n-GaAs  layer  still  re¬ 
mains,  parallel  conductions  through  n-GaAs, 
n-AlGaAs  and  2DEG  layers  occur.  Since  the 
mobilities  of  n-GaAs  and  n-AlGaAs  layers 
are  lower  t.han  tiiat  of  t'DEG  (Hiyamizu  et  al 
1961),  the  measured  mobility  is  lower  t.han 
the  ODEj  mobility  itself.  With  further 
etching,  the  contribution  of  r.-GaAs  layer 
conduction  decreases,  hence  the  measured 
motility  increases  and  the  measured  ip, 
decreases.  When  the  n-CaAs  layer  is  etched 
off  and  electrons  in.  the  I'.-AlGaAs  layer  are 
depleted,  the  measured  motility  and  r.  coin¬ 
cide  wit.h  those  of  2DEG.  The  2DEG  raofility 
begins  to  decrease  wit.h  furtijer  etching 
since  it  decreases  with  a  decrease  of  n_, 
(Mimura  1962).  Therefore,  ti.e  lepti.  i  rc- 
file  of  the  mobility  is  expectec  to  s.how 
a  peak  where  the  measured  motility  and 
ri^  correspond  to  those  of  2DEG.  The  ac¬ 
curacy  of  measured  sheet  electron  concent¬ 
ration  was  checked  by  using  th.o  simulation 
programs  developed  by  Yoshida  (1966). 

It  was  found  that  the  difference  between 
the  measured  values  and  caluculated  ones 
was  within  30  %  at  most. 
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3.  Growth  parameter  dependences  of  2DEG  mobility  and  sheet  carrier  concentration 

Dependences  of  the  2DEG  mobility  and  ip,  on  GiH^  mole  fraction  are  shown  in 
Fig.  2.  In  this  case,  the  spacer  layer  thickness,  the  growth  temperature 
and  [V]/[III]  ratio  were  10  A,  6I1O  °C  and  120,  respect! vc.'',y .  Tlic  SiHj^  mole 
fraction  was  varied  i’rgn'  IxlO”  tg  Itxio” '  ,  which  corresponds  to  the  carrier 
concentration  of  1x10"^  and  UxlO'*’  cm~^  in  n-AlGaAs  layer,  respectively. 

With  the  increase  of  SiHj^  mole  fraction  (carrier  concentration  of  n-AlGaAs 
layer),  n^  increased  and  the  mobility  decreased.  This  dependence  is  under¬ 
stood  by  considering  the  scattering  of  electrons  by  Oi  donors  in  AlGaAs  layer 
(Ando  1982).  From  our  expieriments  on  fabricating  HEMTs,  it  was  found  that 
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n  over  1.5x10  was  required  to 

attain  a  low  resistive  ojjaic  eontacts  and 
high  transconductanoe.  Therefore,  Si!-:, 
mole  fraction  was  chosen  to  be  SxlO”  ** 
for  the  HEliT  waferj  .in  QrJer  to  keer  ri 
liigher  ti.an  1.5x10  "cm  "  and  to  make  tf.o 
mobility  as  ;;ig::  as  [osrible. 

Sig'ure  5  snows  tiie  ie;  endences  of  cDEO 
mobility  a!id  i.  ,  on  tt;e  growt;.  temj  er- 
ature,  wjiere  tF;e  sracer  layer  thickness, 
ratio  and  Sii-j^.mcle  fraction 
were  50  A,  100  ana  0x10  ',  resyectively . 
Increasing  t;.e  gro-wth  te.T.yerature,  n_ 
ii.C!'oased  wi.ile  t!.e  mobility  ie-creased. 
Ti.e  measur-ci  cirrier  concentratior  of 
tiiC  layj^  waij  foui.J  to  vary  fi'om 

0x10'^'  to  bxiO  'em  '  w!:en  t!ie  grouti; 
temyerat'are  ii'.creased  from  6b0  to  o60  ^ 
Therefore,  t!.e  growtt.  temyerature  de- 
tendence  si.own  ir.  fig.  3  ts  due  to  ti.e 
c!;unge  of  ti.e  carrier  concentration  in 
All-aAs  layer  widen  was  brougl'.t  about  by 
ti.e  ci.ange  of  doping  efficiency  witj^the., 
growth  temperature.  For  n^,  1.8x10  cm 
was  obtained  by  decreasing'^tiie  stacer 
layer  tiiickness  to  10  A. 


r'ig.  Derendoiicer  of  i.  and 
.mobility  oii  fxH,  mole  fracti- 
spacer  l.ayer  thickness  is  10  ■■ 


Ti.e  derender.ces  of  the  2I)EG  motility  and  n^  on  [V]/[lIli  ratio  are  si.own; 
Fig.  b',  wi.ere  ti.e  sr.acer  layer  thickness,  growti.  tomperaturo  and  ?i;;^  mo 
fraction  were  50  A,  610  °C  and  OxlO''',  respectively.  The  inter-dei  enden 
behavior  between  tiie  mobility  and  n^  is  quite  different  from  ti.ose  .-.‘.own 
Figs.  1  and  3.  Tiie  ODEG  mobility  increased. 


Fig.  3  Dependences  of  n^  .and  ^DEG 
mobility  on  the  growth  temperature 
Spacer  layer  tluckness  is  50  A, 


Fig.  1  DopoiKK'iiCcs  of  n^  -ind  .'dt. 
mobility  on  !v]/Iin]  ratio. 
Spacer  layer  tidekueso  is  5' 


sr».t  CofTWr  Cone  n.(eiir*)  if ^  -T  '  U  *  Shoot' Corrior  Cone,  nt(enrt 
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iuiiiinesceiico  (PL)  measurementii  of  unUo|  GjiAi: 
layers  were  pert'ormed.  The  measured  sjunples  were 
:indoped  GaAs  layers  with  the  thickness  of  1  vim 
.'’rown  at  different  [Vl/[lll]  ratios,  which  wore 
:  reparcd  indei^endent  of  selectively  doped  wafers. 

;•  i(^ure  r>  shows  the  results  of  van  der  Pauv  measure. 
::.onts,  Tlie  carrier  concentrat ions  (conduct  ion 
types)  of  txlO  [j^-tyfe),  1x10’^  (P'type),  Yxl/'^ 
(ri-type)  aiui  TxlO  '  (n-tyi-f,‘)  and  the  mobilities  of 
^00,  VSt,  HiOO  and  5«'00  cm*  /V.s  were  observed  at 
lV]/[III]  ratio::  of  dO,  bO,  If'U  arid  <'ho,  resi  ec- 
T,  ively,  at  room  tomperature.  This  result,  shows 
t  !.at  the  total  im{  urity  concciaration  in  tiie  layer 
:  foomes  lowest  at  aroun  i  (  V  ] /[  1 1 J  ]  =l.'i and  it  ijj- 
•.••eases  at  iowor  an  1  ;.if^:her  lV]/[in]  ratios  than 
‘•.at  (Nakanisr.i  et  ai .  1^61).  From  the  PI.  merisure- 
merits,  carbor;  sif^nal  was  detected  for  t.hc  waf^'rs 
.-trown  at  [  V  ) /[  H  I  ]=;  ■  j,  C  .,  U-.,  an-i  wris  ssot  Jett,-:te 
'*-t  [  V ]  /  [  1 1 1  ]  =.  h.} .  The  intensity  >'f  carbo:;  siis/t.al 
;ecreased  raj  idly  with  tht-  ir.'rease  of  [V]/;lIll 
ratio.  TiioSf  results  of  vati  ier  F’auw  and  PL  m^'-as- 
•  rementj  sui^^rest  that  the  .'DEO  mobility  i:*  domiiiat* 
Ly  ti:e  ^•a^bon  ac*ert>'.'r  ■.•oncer. t. rat  iijn  instead  of 
‘otai  im]-.urlty  cor.cetitrat  lor.  ir.  unjv>red  iay»  r 

'• .  [Vl/[II[]  .ierendence  of  HEMT  terformatiCe 


If-*,  •.  f.'arrier  c',.r:‘centrMt i on 
,r;J  hall  mt.bility  at  rocn; 


,  •  ••mi  erature  versus  iV]/[lIl] 

is  d i sC',iSi.>e  j  1  r.  tiio  tr'.'Ceiiny  ■■.'t  i on ,  I 1  /  [  I  *  i  .  :**it  i  :  for  jirloi  ed  CciAs 
.••atio  seem.'  to  tc  a  key  tartjneter  for  thr*  imi  rove-  'iv*-**.'. 
r.ent  of  HKMT  fer formanee  tecausf-  it  car.  it.cre.as..- 

tno  mubiiity  while  keef  inp*  n,  .‘onstant.  Ttc.-refor*',  we  nav-,-  faLricaiod  HENTfs 
...'irifr  the  wafers  ^rowr.  at_.^VT/ (  I T  ,  bO,  i.’O  ai;.l  .’ad.  All  tj.e  wafers 

wre  pTuwii  .at  bho^C,  fxiO  tT;ole  f rai.-t.  ioti ,  ar.d  had  the  spacer  layer 

';,i"kness  i a.  The  ri-j.'(.As  ‘ap  lav'-r  w-as  thi  ‘kened  to  %  t.o  erasure  the 
.  w  resist.!*/*-  r^ijriic  _'v>n-a*ts.  Km.*:,  wifer  .show*- 1  ti.o  motility  tit  room  temp*'r'i- 

•  .re  to  la-  i  oUi:,  5^*1'.'',  '-'il''  ar.  i  A  ■.•m'/V.s  at  r-.-spe-'t  ivc  [Vl/llll]  ratios. 

'.;.e  she.^et  ’'irrier  c.  jfjcei.  t  r*it.  i  Or.  w*is  i  .  A-.' .  ..‘xlo  *  cm*‘  for  all  tt;e  wafers. 


f'il.r  i (.’'it  lor.  proces.s  ar.-i  th<*  i*-vico  st  rust. ore  were  almost  the  S'lme  as  th  'ite 
r--!orte.l  Ly  Kamel  et  al ,  (I'X'h).  Tht-  r*it.-'  ler;t.'rh,  ^'*a‘»■  widih  and  source  i.c 
:rair.  s.r.aeir:^^:  were  0..%  tom,  .  i*'j  tim  and  •  gm,  res{  e*t  i  v^iy .  Ni/As'e  was.  us*- i 
•'..r  Source  arid  drair;  ele.'tro,,!**::  -ir.d  Al/Ti  f'>r  tV'*  »•  el ro  i*- . 


.M^’ure  e  shows  the  dr'iin  ‘.'urrerit./vol  tar»*  sharast.**r* i  s*  i .*::  j*'  '\-;.VTs  r'-sLr  i  .-.'jt  : 
:':'om  the  wafer:*,  ^rown  at  different  [v!/Iin|  r'llio.i.  h;  t  I.e  flrurc.-.,  oru- 
.c.QuiJ  fioti*e  th.at  the  #7.'ite  vojta*’:^'  for  (  V  )  /  [  I  I J  i  =  1 .  si  is  j..  V,  while 

thers  are  ').[)  V.  The  trar.scoridu  *tancf  (y;  )  ai  V  =  V,  '  rnA  -ire  :tbo..‘ 

i  ,  ib,  ho  and  9  mb'  for  IV]/|ni)  ratio  a:i  i‘ r'-he  ,  rer.j  eet.  ively  . 

■,e  reluction  of  near  the  jinch— .ff  'it  Iv]/[nil  =  ^u  at.!  .'ho  is  marke-i. 

.:.is.  reduction  of  y  is  sufposed  to  L.e  explained  by  cons i<ler i r.y  the  curr*s.‘ 
"iowiny  tlirouy!,  tl.e  un  loj  ed  TrtAn  layer  beneath  l.lie  .'DKG  '’hanriel,  arid  refit-'-. 
iiiy  the  increase  of  carri'T  coricent  r*tt  iot«  wl.i--*h  was  m<*a::ured  by  van  der  r*i  Sa* 

ill  the  undoyed  GjiAg  layer.  T«.j  evabiate  t!s*  currei.t  flowir.y  t.hj*ouyh  the 

.ridoyjcd  G?iAs  layer,  currerd./voltaye  character  ist  ies  between  a  Svco'ce  electr*  !e 
si  a  mesa  and  anotlier  source  •-•lectro.l*'  on  a  neiyhhouriny  mesa  wa;:  measured. 

‘iho  distarice  between  me::fis  is  .'0  pm.  Kiyure  '[  rdiown  the  result  where  tlu* 
i  e.akay"  <’urrent  between  the  #'le.*Lrodes  biasiny  at  -ir.!  V  is  jlott'-d  ayiinst. 
[V]/[nil  ratio  of  tiic  wafers.  A.*  i.-  •i‘-irly  s.-«  ji  it.  t.:..-  fic.r-  ,  -  fd-  t*.* 


If 
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’■ibit'  i  De^etideiico  ol*  figai'*-' 

ind  iisGooiated  gains  of  HEMfs  at 
J  GHz  on  [V]/[lIll  ratios. 
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.  Conolusion 

;.e  optimization  ol'  t!  e  growth  con- 
itions  by  MO-CVD  to  improve  the 
SMT  performance  has  been  described, 
he  key  growth  par.-meter  for  the 
!  timizatioii  was  found  to  be  a 
Vj/[lll]  ratio,  because  [V]/[inj 
utio  is  a  parameter  whicii  makes  it 
...ssible  to  incre.-iSe  t!:e  dDEG  mo¬ 
ll  ity  with  keeling  constant, 
no  r.:g:;ost  '.'alue  of  ciiO-.u 

ncwevcr,  limited  so  -i;:  riot  to 
'i/tj  i'tyei*,  wf.it,*;.  .lv*-'.'ri  _  r'lt,?.’.'  jiti';:. 
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Characterization  of  simultaneous  diffusions  of  zinc  and  indium  into  GaAs, 
and  (AIAs)„(GaAs)m  superlattice  surfaces  and  its  device  applications 


J.R.  Shealy*,  K.  Kavanagh**  and  P.M.  Enquist 
School  of  Electrical  Engineering,  Phillips  Hall 
^Materials  Science  Department,  Bard  Hall 
Cornell  University,  Ithaca,  NY  14853 
*  and  General  Electric  Company,  Syracuse,  NY  13221 

Abstract .  The  characterization  of  a  diffusion  process  which 
results  in  high  concentrations  of  indium  and  zinc  on  GaAs 
and  AlGaAs  surfaces  is  described.  These  diffusions  are 
carried  out  in  a  closed  graphite  box  with  InAs  and  ZnAs2 
sources  in  a  H2/N2  mixture.  Under  appropriate  conditions 
large  concentrations  of  Zn  and  In  are  obtained  on  the 
surface  (aproxiraately  1020  cm"^  of  Zn  and  10%  InAs) .  The 
process  has  been  used  for  obtaining  low  resistance  p  type 
contacts  (Pc'  2  x  10"^  S  •  cm2)  to  GaAs.  This  technicpie 
has  also  been  applied  to  the  fabrication  of  narrow  stripe  (3 
urn)  GRIN-SCH  quantum  well  laser  structures.  These  devices, 
which  were  diffused  under  conditions  resulting  in 
approximately  0.5  Pm  of  In  penetration  into  the  upper 
cladding  regions,  exhibit  single  mode  operation  over  the 
full  range  of  operating  currents  suggesting  an  index  guiding 
mechanism  originating  from  the  In  related  strain  field 
exists.  Single  mode  output  powers  of  30  mW/facet  (CW)  were 
obtained  on  lasers  with  uncoated  facets. 

Introduction 


The  simultaneous  diffusion  of  zinc  and  indium  into  GaAs  is  a 
new  approach  for  obtaining  low  resistance  contacts  to  p  type 
GaAs.  The  technique  produces  the  alloy  Gag.glno.iAs  on  the 
diffused  surface  which  results  in  the  reduction  of  the 
bandgap,  improving  the  tunneling  probability  at  the  metal 
semiconductor  interface.  Non-alloyed  contacts  to  GaAs  were 
measured  to  be  as  low  as  2  x  10~2  G  •  cm2  after  pulse 
annealing . (Shealy  and  Chinn  1985) 

In  this  study,  the  diffusion  profiles  and  concentrations  of  Zn 
and  In  have  been  examined  using  SIMS  and  RBS.  Penetration 
depths  have  been  controlled  over  a  broad  range  from  1000  %  to 
several  microns  by  varying  the  diffusion  temperature  over  the 
range  from  575  to  650OC. 

A  new  type  of  index  guided  laser  has  been  realized  with  a 
simple  planar  stripe  geometry  by  diffusing  Zn  and  In  into  the 
upper  cladding  region  of  a  GRIN-SCH  quantum  well  laser 
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structure  through  a  3  u  opening  in  a  pyrolytic  Si3N4  masK. 
Experimental 

A  series  of  diffusions  were  carried  out  on  GaAs, 

( AlAs)  20  )100  '  (AlAs)  2  (GaAs)  2»  and  AlQ^sGaQ.sAs  surfaces. 

The  surface  concentrations  and  penetration  depths  of  In  and  Zn 
were  evaluated  by  RBS  and  SIMS  data  on  each  of  these  samples. 
When  the  diffused  regions  were  selective,  pyrolytic  Si3N4  was 
deposited  as  the  masK  by  the  decomposition  of  dichlorosilane 
and  ammonia  at  615°C  and  100  mTorr  in  a  nitrogen  bacKground 
gas.  These  films  were  of  high  quality  compared  to 
conventional  plasma  deposited  Si3N4  films  as  demonstrated  by 
low  pinhole  densities  on  films  as  thin  as  200  n  and  by  low 
buffered  HF  etch  rates  (-  5  A/min)  suggesting  a  high  density 
Si3N4  film.  The  index  of  refraction  of  the  pyrolylytic  Si3N4 
was  typically  in  the  range  form  2.0  to  2.1.  The  superlattice 
structures  were  produced  by  the  multichamber  OMVPE  process 
discused  in  an  earlier  publication. (Shealy  1986] 

The  GRIN  SCH  lasers  were  grown  in  a  horizontal  reactor  at  76 
Torr.  The  upper  and  lower  cladding  regions  were  1.75  ym  of 
Alo, gGao. 4AS.  The  GRIN  regions  were  2500  A  of  linearly  graded 
Al](Gai,-xAs  (x  =  0,60  to  x  =  0.20).  The  quantum  well  was  150  A 
of  GaAs.  Further  details  of  the  growth  conditions  and  layer 
structure  are  reported  in  [Schaus  et  al  1985) . 

Narrow  stripe  lasers  were  processed  by  depositing  pyrolytic 
Si3N4  (700  A  thicKness)  and  patterning  3ym  openings  followed 
by  plasma  etching  in  CF4/O2  and  the  In/Zn  diffusion.  The 
wafers  were  then  thinned,  metallized,  cleaved  into  300 y m 
cavities  and  tested. 

The  simultaneous  diffusion  of  zinc  and  indium  into  these  laser 
structures  was  performed  in  a  sealed  graphite  box  using  InAs 
and  ZnAS2  sources.  Details  of  the  experimental  apparatus  and 
conditions  have  been  previously  described.  Three  different 
diffusion  temperatures  (575,  6OOOC  and  650OC)  were  employed 
for  15  minutes  to  observe  the  effects  of  In  and  Zn  penetration 
on  laser  performance.  It  was  determined  that  the  higher 
temperature  diffusion  resulted  in  0.5ym  of  in  jaenetration  and 
1.5  Urn  of  Zn  penetration.  It  is  important  to  note  that  the 
lateral  Zn  diffusion  effectively  broadened  the  stripe  width 
from  3  M  m  to  6-7  ym. 

Results  and  Discussion 


The  results  using  this  process  and  the  masKing’  ability  of  the 
pyrolytic  Si3N4  are  illustrated  by  the  SIMS  data  given  in  Figs. 
1(a)  and  (b) .  The  profile  shown  in  Figure  1(a)  represents  a 
shallow  Zn/In  diffused  GaAs  surface.  The  diffusion  conditions 
given  resulted  in  a  Zn  penetration  depth  of  approximately  3000 
A  while  indium  has  diffused  approximately  800  A.  Also,  the 
concentration  of  Zn  is  seen  to  be  largest  where  the  indium  has 
diffused  suggesting  a  strong  interaction  between  the  Zn  and  In 
diffusing  species  possibly  due  to  strain. 
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In  Fig.  1(b),  the  data  given  is  that  of  a  masKed  surface  (1500 
8  of  Si3N4)  which  has  undergone  the  longest  time  and  highest 
temperature  cycle  diffusion  used  in  this  study.  A  penetration 
of  Zn  and  In  into  the  Si3N4  surface  is  barely  visible  and  is 
estimated  to  be  less  than  200  a.  These  conditions  resulted  in 
relatively  deep  Zn  and  In  penetration  in  unmaKsed  GaAs 
surfaces  as  shown  by  the  corresponding  data  given  in  Fig. 

2(a)  . 
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Fig.  1(a).  Sims  profile  of  a 
Zn/In  diffused  GaAs  surface.  The 
GaAs  Scunple  was  doped  2xl0l8 
cm"3  with  silicon. 


Fig.  lib).  Sims  profile  of 
a  2000a  thicK  pyrolytic 
Si3N4  film  deposited  on 
GaAs  after  an  anneal  in  the 
Zn/In  diffusion  apparatus. 


A  summary  of  the  results  of  Zn/In  diffused  GaAs  surfaces 
appears  in  Figures  2(a)  and  2(b).  The  penetration  depths  are 
controlled  over  several  thousand  angstroms  by  varying  the 
time-temperature  cycle.  Typically,  the  Zn  is  observed  to 
penetrate  approximately  four  times  deeper  than,  the  In  as 
shown.  Although  in  Zn  surface  concentration  was  observed  to 
be  relatively  constant  with  temperature  (in  the  range  of  4  x 
10l5  -  1020  cm3),  a  strong  temperature  dependence  for  the  In 
surface  concentration  was  observed  as  shown  in  Figure  2(b). 

It  is  interesting  to  note  that  the  best  p  type  ohmic  contacts 
were  obtained  at  650OC  where  the  In  surface  concentration  is 
the  highest. 
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In  Figure  3,  Rutherford  bacKscatteri ng  spectra  (75°  tilt)  are 
shown  for  a  GaAs/AlAs  superlattice  comparing  the  as  grown 
sample  to  a  sample  annealed  at  5750C  for  15  min.  in  the  In/Zn 
diffusion  apparatus.  The  superlattice  consisted  of  40  layers 
5  of  which  are  seen  by  RBS  in  the  as  grown  case  before  beam 
straggling  destroys  the  depth  resolution.  The  superlattice 
period  was  270/50  8  GaAs/AIAs,  respectively.  The  anneal  has 
clearly  mixed  the  superlattice.  The  In  peaK  is  observable  but 
expanded  40  times  in  the  figure.  The  total  In  sheet 
concentration  was  1.3  x  lO^-^  atoms/ cm^  with  a  I  nAs  surface 
concentration  of  approximately  0.02.  The  depth  of  the  In  was 
approximately  700  °  in  reasonable  agreement  with  the  SIMS 
data.  Also  the  indium  penetration  was  less  than  the 
detectable  mixing  of  the  superlattice,  presumably  the  worx  of 
the  Zn  as  has  been  previously  reported . [Laidig  et  al .  1981] 


Fig.  2(a).  Penetration  depth  of 
Zn  and  In  in  GaAs  versus  diffus¬ 
ion  temperature  at  the  indicated 
times . 


Fig.  2(b) .Variation  of  I nAs 
concentration  on  the  diffus 
ed  GaAs  surface  vs.  diffus¬ 
ion  temperature  for  the 
indicated  times. 


The  diffusion  rates  in  the  superlattice  structures  and  AlGaAs 
were  observed  to  be  significantly  faster  compared  to  those  in 
GaAs  as  expected  from  the  results  of  previous  studies . [Blum  et 
al .  1983  ;  Ageno  et  al .  1985]  The  data  shown  in  Figure  4,  also 
indicates  a  higher  Zn  diffusion  rate  for  an  Alo'sGao.sAs 
compared  with  the  superlattice  (GaAs) 2 ( AlAs) 2 .  Apparently  the 
action  of  disordering  the  superlattice  interfaces  reduces  the 
Zn  diffusion  rate.  However,  since  the  zinc  diffuses  much 
deeper  than  the  indium,  the  indium  diffuses  through  a  mixed 
AlGaAs  crystal  in  both  cases  and,  as  a  result,  no  differences 
within  experimental  error  were  seen  for  indium  penetration  in 
bulK  AlGaAs  or  superlattices  of  the  saune  average  Al  content. 
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Fig. 3.  Rutherford  bacKscattering 
spectra  comp.iringa  super  lattice 
of  (AlAs)(GaAs)  before  and  after 
a  Zn/In  diffusi<  .  for  15  min. 
at  5750c. 


Fig.  4.  Penetration  depths 
of  Zn  and  In  in  GaAs,  AlGaAs 
and  superlattice  sample  vs. 
average  aluminum  composi¬ 
tion  (n/n+m)  . 


As  mentioned  earlier,  this  diffusion  technique  was  applied  to 
the  fabrication  of  narrow  stripe  lasers  using  the  pyrolytic 
Si3N4  masK.  The  diffusion  temperature  had  a  strong  influence 
on  the  electrical  properties  of  these  lasers  above  threshold. 
Namely,  the  specific  "on  resistance"  was  measured  to  be  1.1  x 
10“5j  5.5  X  10“6,  and  3.0  x  10”^  ,g*cm2  for  devices  whose 
corresponding  diffusion  temperature  was  575,  600,  and  650OC, 
respectively.  This  reduction  in  the  diodes  series  resistance 
is  attributed  primarily  to  an  improving  p  type  ohmic  contact 
as  tne  diffusion  temperature  is  increased  (larger  In  surface 
concentration) .  The  p  type  cladding  layers'  contribution  to 
the  series  resistance  was  also  reduced  by  the  deep  Zn 
penetration  at  tne  higher  temperatures  used.  However,  this 
contribution  was  small  as  the  resistivity  of  the  upper 
cladding  region  was  approximately  10~2  j3»cm  prior  to  the 
di f f  usion . 

The  lasers  which  were  fabricated  under  the  different  diffusion 
conditions  were  tested  p  side  up,  pulsed  (1  us)  and  CW,  for 
their  emission  spectrum,  far  field  pattern,  and  output  power. 
The  threshold  currents  and  differential  quantum  efficiencies 
exhibited  little  dependence  on  the  diffusion  cycle  used,  and 
wore  typically  75  mA  and  60».  These  threshold  currents  were 
determined  to  reflect  at  significant  amount  of  lateral  current 
spreading  as  narrow  mesa  devices  of  tlio  same  cavity  length  had 
threshold  current  as  low  as  15  mA. 


The  devices  diffused  at  650OC  exhibited  single  mode  operation 
over  the  range  of  currents  tested  as  shown  in  Figure  5.  The 
In  and  Zn  penetration  in  this  case  was  0. 5  u  and  1.5  u 
respectively.  The  lateral  diffusion  of  the  Zn  through  the 
masK  resulted  in  producing  a  effective  stripe  width  of  6-7  u 
which  resulted  in  the  observed  narrow  far  field  angle  of  5° 
and  the  high  single  mode  output  powers  (30  mW/facet).  The  CW 
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spectra  given  in  the  figure  indicates  a  significant  amount  of 
long  wavelength  shift  due  to  heating  (- 100°C)  in  the  p  side  up 
configuration.  Multimode  operation  was  observed  for  the 
devices  diffused  at  575  and  600oc.  The  single  mode  operation 
is  believed  to  originate  from  a  lateral  positive  index  guide 
from  the  strain  field  originating  from  the  deep  In  penetration 
into  the  samples  diffused  at  high  temperature.  The  strain 
related  effects  are  apparently  large  enough  to  overcome  the 
carrier  induced  negative  guiding  effects  from  the  Zn 
diffusion. 


Fig.  5.  Far  field,  emission 
spectra,  and  power-current 
curves  for  a  narrow  stripe 
laser  diffused  at  650OC 
for  15  min.  The  spectra 
and  far  field  data  are  CW 
data. 


In  summary,  the  simultaneous  diffusion  of  Zn  and  In  into  GaAs 
and  (AlAs) n(GaAs)^  superlattice  structures  has  been 
characterized  using  SIMS  and  RBS.  We  have  determined  the 
diffusion  depths  and  the  In  surface  concentrations  as  the 
temperature  time  cycle  is  varied.  These  results  suggest  that 
the  In  concentration  plays  a  dominant  role  for  obtained 
improve  ohmic  contacts  to  narrow  strip  devices.  Finally  using 
this  technique,  with  sufficient  In  introduced  into  the  sample 
a  strain  related  positive  lateral  index  guide  was  produced 
resulting  in  high  power  single  mode  lasers. 

The  authors  wish  to  acxnowledge  the  contribution  of  J.W. 
Sprague,  P.  McDonald  tor  assistance  in  the  laser  fabrication 
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Characterization  by  Raman  spectroscopy  of  GalnP,  AllnP  and  GaAs  single 
layers  and  superlattices 
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Abstract.  GalnP  and  AllnP  layers  and  GaInP/GaAs 
superlattices  are  characterized  with  Raman  spectroscopy. 
Raman  features  in  the  two  ternaries  have  been  identified 
and  the  compositional  dependence  determined.  Raman 
measurements  of  GalnP  at  elevated  temperatures  determine 
the  phonon  energies  vs.  temperature  and  its  maximum 
temperature  of  congruent  sublimation.  Superlattice  Raman 
measurements  allow  estimates  of  intermixing  and  strain. 

Introduction 


This  paper  is  a  study  by  Raman  spectroscopy  of  GalnP  and 
AllnP.  Data  are  presented  on  the  effects  of  the  compositions 
of  the  two  ternaries  on  their  Raman  features.  Raman  data  at 
temperatures  up  to  505OC  are  presented  for  Gao.5Ino.5P,  thus 
quantifying  the  shift  of  phonon  energies  with  temperature  and 
locating  the  maximum  temperature  of  congruent  sublimation  in  a 
vacuum.  Finally,  Raman  data  on  strained  and  lattice  matched 
superlattices  of  GaInP/GaAs  are  presented,  allowing  estimates 
of  intermixing  and  strain. 

Experimental  Methods 

All  samples  in  this  study  are  epitaxial  structures  grown  on 
(001)  semi-insulating  GaAs  substrates  by  organometallic  vapor 
phase  epitaxy  (OMVPE) .  The  epitaxy  occurred  at  a  temperature 
of  650OC,  under  a  hydrogen  pressure  of  76  Torr,  and  a  growth 
rate  of  approximatley  2  microns  per  hour.  Trimethylgallium, 
trimethylindium,  tr imethylaluminum,  arsine,  and  phosphine  were 
the  sources  used. 

The  Raman  spectra  were  measured  with  the  samples  at  room 
temperature  and  excited  by  the  5145  A  line  of  an  argon  laser, 
unless  otherwise  indicated.  The  scattered  light  was 
spectrally  dispersed  with  a  0.85  meter  double  spectrometer 
with  a  4  cm-1  resolution  and  detected  with  a  photomultiplier 
with  a  GaAs  photocathode  in  the  photon  counting  mode.  A 
bacKscattering  geometry  was  used  in  which  the  incident  light 
was  polarized  along  a  (100)  direction.  The  polarization  of 
the  detected  scattered  light  was  either  aligned  parallel  or 
perpendicular  to  the  incident  light,  denoted  z(x,x)z  Oi. 
z(x,y)z,  respectively. 
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Compositional  Dependence  of  Raman  Features  of  GalnP 


All  GalnP  samples  in  this  study  exhibited  three  Raman  peaks 
between  300  and  420  cm-1.  Figure  1  exhibits  the  energies  of 
these  peaks  vs.  GalnP  composition.  In  addition.  Fig.  1  plots 
the  data  from  the  literature  of  LO  and  TO  phonon  energies  of 
the  two  binary  end  points,  InP  and  GaP  [Mooradian  et  al.l966] 


Fig.  1  Raman  freq.  of 
of  GalnP,  As  indicated 
by  the  different  symbols, 
the  three  modes  are 
identified  as  the  GaP-like 
LO  mode,  the  InP-liXe 
LO  mode  and  a  TO  mode  of 
GalnP. 


As  can  be  seen  in  Fig.  1,  we  have  identified  the  highest 
energy  peak  as  the  GaP-like  LO  phonon,  the  middle  energy  peak 
as  the  InP-like  LO  phonon  and  the  lowest  energy  peak  as  a  TO 
phonon.  This  assignment  is  based  on  three  considerations. 
First,  the  two  highest  energy  peaks  are  approximately  ten 
times  more  intense  in  the  z(x,y)z  configuration  than  in  the 
z(x,x)z  configuration,  while  the  lowest  energy  peak  is  the 
same  intensity  in  both  configurations.  These  observations  are 
consistent  with  the  above  peak  assignments  and  the 
polarization  selection  rules  [Hayes  et  al.  1978).  Second,  the 
upper  branch  in  Fig.  1  extrapolates  toward  the  LO  phonon  of 
GaP,  the  middle  branch  toward  the  LO  phonon  of  InP  and  the 
bottom  branch  toward  both  binaries'  TO  phonons.  Third,  the 
ratio  of  the  intensity  of  the  upper  branch  to  that  of  the 
middle  branch  is  observed  to  be  approximately  proportional  to 
the  ratio  of  Ga  to  In  in  the  ternary. 

The  above  assignments  of  the  Raman  features  of  GalnP  are  not 
in  agreement  with  earlier  studies  of  GalnP  phonons  [Lucovsky 
et  al.  1971;  Beserman  et  al.  1978],  but  are  in  agreement  with 
more  recent  studies  [Jusserand  1984). 

Raman  Features  of  Gan . 5 Ino . sP  at  Elevated  Temperatures 

Raman  specta  of  Gag.sIno.sP  were  taken  at  temperatures  up  to 
505OC  by  mounting  the  sample  in  a  heater  in  a  vacuum  chamber 
pumped  to  10"3  Torr.  The  shifts  with  temperature  of  the  GaP- 
like  and  InP-like  LO  phonons  are  displayed  in  Fig.  2.  At 
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Fig.  2  LO  phonon  modes  of 
Gao.5lnO.5P  vs.  temperature.  The 
higfier  energy  mode  is  the  GaP-like 
LO  mode  and  the  lower  energy  mode  is 
the  InP-like  LO  mode. 


temperatures  below  500oc,  the  two  LO  phonons  were  clearly 
resolvable.  Above  SOQOC,  the  Raman  spectrum  rapidly  changes, 
indicating  degraded  crystallinity,  as  seen  in  Fig.  3. 
Apparently  the  maximum  temperature  of  congruent  sublimation  is 
approximately  500OC,  i.e.  the  material  is  stable  against 
thermal  decomposition  in  a  vacuum  below  this  temperature. 


Fig.  3  Gao.5ino.5P 
Raman  vs.  Temperature. 

The  features  of  the  lower 
Raman  spectrum  is 
qualitatively  similar  to 
all  spectra  at  temperatures 
less  than  500oc.  Above 
500OC  the  spectrum 
changes  as  seen  in  the 
upper  spectrum,  indicative 
of  degraded  crystallinity. 


Raman  Features  of  AllnP 


All  AllnP  samples  in  this  study  exhibited  two  clearly  resolved 
Raman  peaks,  each  with  a  partially  resolved  low  energy 
shoulder.  The  four  peak  locations  are  plotted  vs. 
composition  in  Fig.  4.  Additionally  the  LO  and  TO  phonons  of 
the  binary  endpoints  of  AlP  [Onton  1970]  and  InP  [Mooradian  et 
al.  1966]  are  plotted. 

These  four  Raman  features  are  assigned  to  be  in  order  of 
decreasing  energy,  the  AlP-like  LO  phonon,  the  AlP-like  TO 
phonon,  the  InP-like  LO  phonon  and  the  InP-like  TO  phonon. 
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Fig.  4  Raman  freq.  of 
AlInP.  As  indicated  by 
the  different  symbols,  two 
LO  modes  and  two  TO  modes 
are  observed,  each 
associated  with  one  of  the 
binary  end  points. 


The  basis  for  these  identifications  is  simply  that  the  phonon 
modes  extrapolate  well  toward  their  respective  binary  compound 
endpoints.  This  ternary  phonon  picture,  consisting  of  two 
sets  of  binary-like  LO/TO  phonon  branches  which  meet  as  they 
vanish  at  the  opposite  binary  endpoint,  is  similar  to  other 
ternaries.  AlGaAs  [Abstreiter  et  al.  1978]  ,  AlGaP  [Tsu,  1981] 
and  InAsP  [Bedel  et  al.l9841  behave  like  the  above  phonon 
picture;  GalnP  having  only  a  single  TO  phonon  branch  which 
does  not  join  with  either  LO  branch  at  the  binary  endpoints 
seems  to  be  the  exception. 

Polarization  selection  rules  were  not  found  to  be  useful  to 
identify  which  of  the  above  phonon  features  were  LO  and  which 
were  TO  related,  as  was  done  in  the  case  of  GaInP.  The  reason 
for  this  is  that  the  available  laser  lines  from  the  argon 
laser  are  energetically  close  to  the  direct  bandgaps  of  these 
samples,  thus  resonant  Raman  scattering  is  occurring. 

Contrary  to  the  non-resonant  case  in  which  the  LO  phonon  is 
only  allowed  in  the  z(x,y)z  geometry,  the  LO  phonon  also 
appears  in  the  z(x,x)z  geometry  at  resonance  [Menendez  et  al. 
1985].  The  resonant  Raman  spectra  are  shown  in  Fig.  5.  Also 


Fig.  5  AllnP  resonant  Raman  spectra. 
The  energy  of  the  laser  line  ranges 
from  2.41  eV  to  2.71  eV  as  indicated. 
The  energy  of  the  E©  band  gap  as 
determined  by  electroreflectance 
is  also  indicated.  The  two  main 
Raman  peaks  are  the  AlP-like  LO 
mode  at  457  cm”l  and  the  InP-like 
LO  mode  at  341  cm“l.  A  small  GaAs 
LO  peak  at  292  cm”l  from  the 
substrate  is  also  observed  for 
sub-bandgap  laser  energies. 


indicated  is  the  E©  bandgap  of  the  sample  as  determined  by 
electro-reflectance.  As  the  energy  of  the  laser  nears  the 
energy  of  the  Eq  bandgap,  the  intensity  of  the  two  LO  modes  of 
the  AllnP  increase.  Also  seen  in  the  figure  is  the  appearance  of 
the  LO  phonon  of  the  GaAs  substrate  for  laser  energies  less 
than  the  E©  bandgap  of  the  AllnP,  indicating  that  the  AllnP 

becomes  transparent  to  light  less  energetic  than  EO' 
expected. 
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Raman  Measurements  o£  GaAs/GalnP  Superlattices 

Three  Ga^ini-xP/GaAs  superlattices  consisting  of  fifty  752/75? 
periods  were  grown  for  Raman  measurements.  In  one  sample,  the 
Ga^Inj-xP  was  lattice  matched  to  GaAs  (x  =  0,52);  one  sample 
contained  indium  rich  Ga^ini-xP  (x  =  0.35);  one  sample 
contained  gallium  rich  GaxIni_xP  (x  =  0.65).  The  observed 
energies  of  the  GaP-like  phonon  of  the  GalnP  and  the  LO  phonon 
of  the  GaAs  are  listed  in  Table  1  along  with  the  expected 
values  which  neglect  strain,  intermixing,  or  phonon 
confinement  effects.  LO  phonon  confinements  effects  are 
neglible  at  75  2  thicknesses  in  AlGaAs/GaAs  superlattices 
[Sood  et  al.  1985]  and  are  assumed  to  be  similar  here.  There 
is  however  strain  or  intermixing  or  both  in  these  samples. 

Intermixing  can  change  the  intended  GalnP  or  GaAs  layers  into 
GaxIni-xAsyPi-y  layers.  Although  there  is  some  Raman  data  in 
the  literature  on  GalnAsP  compositions  lattice  matched  to  InP 
[Soni  et  al.  1986]  and  to  GaAs  [Inoshita  and  Usui  1984],  the 
Raman  features  of  arbitrary  compositions  of  the  quaternary  are 
not  known.  Because  of  this  situation,  the  complete  aspects  of 
intermixing  cannot  be  determined,  however  some  estimates  can 
be  made.  Consider  first  the  4  cm~l  discrepancy  between  the 
expected  and  observed  GaAs  LO  phonon  in  the  lattice  matched 
sample.  If  this  were  caused  by  intermixing  from  the  GalnP  to 
the  GaAs  of  indium  only,  Raman  data  on  GalnAs  (Kakimoto  and 
Katoda  1982]  would  imply  a  composition  of  approximately  4% 
mole  fraction  of  indium.  Data  on  GaAsP  would  be  necessary  to 
determine  the  amount  of  phosphorous  which  could  cause  the  4 
cm“l  discrepancy.  Now  consider  intermixing  of  Ga  or  As  from 
the  GaAs  into  the  GalnP.  The  fact  that  the  observed  GaP-like 
phonon  of  the  nominally  lattice  matched  GalnP  is  very  near  the 
expected  value  implies  either  very  little  intermixing  or  that 
the  GaP-like  phonon  of  the  resulting  quaternary  does  not  shift 
with  composition.  The  former  situation  is  thought  to  be  more 
likely. 

The  shift  of  the  LO  phonon  energy  of  GaAs,  6a),  with  the 
strain,  e,  is  known  to  be  given  by  [Weinstein  and  Cardona 
1972] 

Ao)  =  -  380  e  (cm“l) 

A  similar  relation  is  not  known  for  GalnP,  but  is  expected  to 
be  very  similar  since  the  average  of  the  elastic  moduli  of  GaP 
[Weil  and  Groves  1968]  and  InP  [Hickernell  and  Gayton  1966] 
are  almost  the  same  as  that  of  GaAs  [Garland  and  Park  1962] . 
The  magnitude  of  the  total  strain  in  the  two  mismatched 
superlattices  studied  here  is  approximately  e  =  1*.  Since  the 
GalnP  and  GaAs  are  of  each  of  similar  thicknesses  'and  have 
similar  elastic  constants,  one  might  intuitively  expect  the 
strain  to  divide  equally,  thereby  producing  a  strain  shift  of 
approximately  2  cm“i  (but  of  opposite  signs)  in  both  layers. 
This  does  not  occur.  As  Table  1  shows,  after  realizing  that 
the  GaAs  LO  is  shifted  by  -4  cm~l  due  to  compositional 
intermixing,  the  magnitude  of  the  strain  shift  in  the  GaAs 
layers  is  0-1  cm-1  and  that  in  the  GalnP  is  3-6  cm  -1.  Thus 
most  of  the  strain  occurs  in  the  GalnP  with  little  in  the 
GaAs.  Similar  results  have  been  reported  in  strained 
AllnAs/GaAs  superlattices  [Nakayama  et  al  1986], 
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X 

GaP-Like 

LO 

GaAs  LO 

observed 

expected 

observed 

expected 

.35 

376 

373 

287 

292 

.52 

381 

382 

288 

292 

.65 

383 

389 

288 

292 

Table  1.  Energies  of  GaP-like  CO  phonon  from  GalnP  and  GaAs  CO 
phonon  in  GaInP/GaAs  superlattices.  The  mole  fraction,  x,  of 
GaP  in  GalnP  is  also  listed.  All  energies  are  in  wavenumbers. 
The  expected  energies  neglect  intermixing  and  strain. 

Summary 

GalnP  has  been  shown  to  exhibit  two  CO  phonons  modes  and  one 
TO,  whereas  AllnP  exhibits  two  CO  and  two  TO  phonons.  GalnP 
phonon  energies  vs.  temperature  have  been  measured,  and  the 
maximum  temperature  of  congruent  sublimation  is  determined  to 
be  approximately  SOQOC.  Intermixing  in  GainP/GaAs 
superlattices  was  estimated  and  the  strain  was  found  to  be 
primarily  in  the  GalnP  layers. 
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I.  Introduction 

The  stability  of  superlatl ice  and  alloy  semiconductors  during 
fabrication  or  device  operation  is  very  important.  Disordering  of  the 
superlattice  induced  by  impurities  has  been  discussed  (Laidig  et  al. 
1981,  (loleman  et  al.  19H3).  It  is  reported  that  some  kinds  of  alloy 
semiconductors  have  stress  in  their  bonds  and  include  clusters  (Kakimoto 
et  al.  1985).  Some  kinds  of  superlatt ices,  such  as  GaAs-lnAs  strained 
layer  superlattices,  are  known  to  include  internal  stress.  However  their 
thermal  stability  has  been  rarely  discussed.  Using  laser  Raman 
spectroscopy  we  estimated  the  stress  in  some  superlattice  and  alloy 
semiconductors,  and  its  effect  on  their  thermal  stability. 

II.  Experiment 

(GaAs)  (InAs)  and  (GaAs)  (AlAs)  superlaltices,  and  Ga,  In  As  and 
mm  n  n  1-x  x 

Goj  ^Al^As  alloy  semiconductors  were  used  as  samples. 

Raman  spectra  were  obtained  using  an  Ar  laser  operating  at  a 
wavelength  of  514.5  nm  in  a  backscattering  geometry  at  room  temperature. 

Annealing  of  superlattice  and  alloy  semiconductor  was  done  in  an 
atmosphere  of  nitrogen  with  6%  hydrogen.  A  Si02  capping  film  was  formed 
on  the  surface  of  superlattice  and  alloy  semiconductor  before  annealing 
in  order  to  protect  the  surface. 
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III.  Rosull.s  and  Discussion 

Stress  in  the  suporlaltico  was  estimated  using  the  extra  shift  of  the 
1.0  phonon  frequenry  measured  by  laser  Raman  spectroscopy.  Figure  1  shows 
the  relation  between  the  frequency  of  1,0  phonons  from  GaAs  in  GaAs-InAs 
superlattice  and  the  number  of  monolayers.  The  solid  line  is  the  result 
calculated  using  the  one-dimensional  linear  chain  model  (Barker  Jr. 
et  al.  1978).  The  1,0  phonon  frequency  decreases  with  the  number  of 
monolayers  because  of  the  zone  folding  effect.  Dots  in  Fig.l  are 
experimental  results  obtained  by  laser  Raman  spectroscopy.  The 
difference  between  calculated  and  experimental  results  is  explained  as 
resulting  from  stress.  A  value  of  stress  was  derived  from  the  difference 
by  using  the  modified  relation  (Eguchl  et  al.  1986)  derived  from  the 
original  model  proposed  by  Cerdeira  el  al.(1972). 

(GaAs)  (InAs)  (m=l-4)  super  lattices  have  stress  in  the  order  of 

10  ^2 

10  dyn/cm  .  Stress  in  the  (GaAs)2( InAs)2  superlattice  is  about  10% 
larger  than  that  in  (GaAs)^( InAs)^.  The  value  of  stress  in 
(GaAs) ^( InAs) j  includes  a  relatively  larger  error  because  no  model  which 
accurately  explains  the  LO  phonon  frequency  of  (GaAs) j( InAs) j  exists. 
Therefore  we  used  (GaAs)  (InAs)  superlattice  with  m^2. 


Fig.l  Relation  between  the  Fig. 2  Raman  spectra  from 

frequency  of  LO  phonons  from  (GaAs)2( InAs)2  superlattice 

GaAs  in  GaAs-InAs  superlattice  before  and  after  annealing 

and  the  number  of  monolayers.  at  580“C  for  30  min. 


Characterisation 
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figure  2  shows  Ramon  spectra  from  ({!aAs)^(  InAs)„  superlattice  before 
and  after  annealing.  A  new  peak  at  about  235cm  is  shown  in  the 
spectrum  obtained  after  annealing  at  580°('  for  30  min.  The  new  peak 
corresponds  to  InAs-mode  LO  phonon  from  Ca^  ^In^As  (x~0.5).  The  result 
means  that  disordering  was  induced  by  annealing  at  580°C.  Disordering 
was  induced  by  annealing  at  a  higher  temperature  in  the  case  of  the 
(GaAs)^( InAs)^  superlattice  which  has  a  smaller  stress  than  that  in 
(OaAs) ,,( 1  nAs) 2 .  figure  3  shows  Raman  spectra  from  (GaAs )^(  [ nAs )^ .  A  new 
peak  at  about  270cm  *  was  observed  after  annealing  at  800°C  for  30  min. 
The  new  peak  corresponds  to  the  GaAs-raode  LO  phonon  from  Ga^  ^In^As 
(x'-0.5).  InAs-mode  1,0  phonon  whose  peak  is  at  about  235cm  '  is 
considered  to  be  included  in  the  tail  of  GaAs-mode  1,0  phonon. 

The  (GaAs)^( AlAs)^  superlattice  has  negligibly  small  stress  and  showed 
no  change  in  Raman  spectra  oven  with  annealing  at  a  temperature  higher 
than  800“(;. 

Stress  accumulated  in  each  bond  of  ternary  alloy  semiconductor  was 

estimated  by  the  method  we  proposed  (Kakimoto  et  al.  1985)  using  Raman 

spectra.  Ga-As  and  In-As  bonds  in  Ga,  In  As  (x=0.53)  have  stresses  of 
10  2  t-x  X 

the  order  of  10  dyn/cm  while  Ga-As  and  Al-As  bonds  in  Ga,  Al  As  have 

1-x  X 

negligibly  small  stress,  figure  4  shows  Raman  spectra  from  Ga^  ^Tn^As 


-0- 


300  200 


RAMAN  SHIFT  (cm') 

Fig. 3  Raman  spectra  from 
(GaAs)^( InAs)^  superlattice 
before  and  after  annealing. 


300  ,200 

fWAAN  SHIFT  (cm', 


Fig. 4  Raman  spectra  from  Gaj  ^In^As 
(x=0.53)  grown  by  MBE  before  and 
after  annealing  at  480°G  for  8  hours. 
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^rown  t)v  MRK  bt'foro  ami  after  annealing  at  480®C  for  8  hours. 

It  is  clear  that  Raman  spectra  changed  by  annealing  at  this  condition. 
The  change  in  Raman  spectra  from  the  ternary  alloy  is  explained  as  due 
to  rearrangement  of  atoms. 

Impurities  such  as  silicon  which  could  be  diffused  from  the  SiO^  film 
bv  annealing  might  contribute  to  the  introduction  of  disordering. 

However  no  local  mode  due  to  silicon  or  other  impurities  was  observed. 

IV.  Summarv 

It  was  revealed  bv  laser  Raman  spectroscopy  that  the  effects  of  stress 
on  the  thermal  stability  of  superlattice  and  alloy  semiconductor  are 
verv  large.  It  is  speculated  that  stress  promote  inlerdiffusion  of  the 
host  atoms  constituting  the  superlattice  and  alloy  semiconductor. 

Effects  due  to  the  difference  in  growth  methods  of  superlaltices  or 
alloy  semiconductors  should  be  investigated.  For  example  Gaj  ^In^As 
(x=0.i3)  grown  by  MBE  always  showed  changes  in  Raman  spectra  resulting 
from  annealing  as  described  here.  However,  Ca^  ^In^As  grown  by  VPF.  or 
l.FE  did  not  show  reproducible  changes. 
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Abstract.  An  E-beam  technique  is  described  which  allows  directly  mea¬ 
suring  conduction  band  discontinuities  AE  at  heterostructure  inter¬ 
faces.  This  is  achieved  by  probing  the  porential  distribution  across 
the  discontinuity  using  a  conventional  scanning  electron  microscope. 
Measurements  performed  on  isotype  n-doped  GaAs/Gag  g4AlQ  ^gAs  struc¬ 
tures  have  yielded  AE  =  0.3eV  andAE  :  AE  =  66  ;  34  in  good  agree¬ 
ment  with  recently  obtained  results  confirming  that  the  previously 
measured  ratio  of  85  :  15  can  no  longer  be  considered  correct. 

1.  Introduction 

The  nondestructive  experimental  methods  known  for  determining  band  dis¬ 
continuities  can  be  devided  into  two  categories,  optical  and  electrical. 
Duggan  (1985),  Hickmott  (1986)  and  Heinrich  (1986)  have  recently  pub¬ 
lished  excellent  reviews  on  the  various  experimental  techniques.  They 
have  given  good  insight  into  the  difficulties  of  the  different  proce¬ 
dures  and  show  that  great  care  has  to  be  taken  in  interpreting  the 
experimental  results.  It  is  thus  not  surprising  that  the  initial  experi¬ 
mental  result  of  AE^  ;  AEy  =  85  :  15  by  Dingle  et  al.  (1974)  obtained 

with  GaAs/Ga^  gAlg  g^s  multiple  quantum-well  structures  has  not  been 

questioned  for  many  years  until  1984  when  several  workers  published  the 
new  value  of  60  ;  40  which  is  very  close  to  the  now  generally  accepted 
value  of  65  :  35.  Both,  electrical  and  optical  methods  have  yielded 
this  result  so  that  there  is  no  urgent  need  for  searching  for  a  new 
technique  unless  it  is  both  very  simple  and  yet  accurate. 

The  technique  presented  here  is  indeed  very  simple  and  has  therefore 
been  used  for  many  years  to  study  surface  potentials  of  both  metal  and 
semiconductor  surfaces.  In  contrast  to  the  two  other  known  electrical 
methods,  the  current-voltage  (I-V)  and  the  capacitance-voltage  (C-V) 
techniques,  its  accuracy  does  not  depend  on  the  knowledge  of,  structural 
details  of  the  samples  investigated  and  on  the  various  assumptions  made 
for  calculating  I-V  and  C-V  as  it  allows  directly  measuring  the  poten¬ 
tial  distribution  along  semiconductor  surfaces  and,  hence,  conduction 
band  discontinuities  as  will  be  shown  below. 
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2.  Theoretical  considerations 


Although  several  kinds  of  structures  can  be  used  for  this  experiment  the 
isotype  heterostructure  which  is  certainly  the  simplest  structure  has 
been  chosen  for  convenience.  Fig.  1  shows  a  schematic  view  of  the  struc¬ 
ture  used.  Also  shown  are  the  band  diagrams  for  four  different  levels 
of  applied  bias  voltage.  By  in¬ 
spection  of  these  diagrams  it 
becomes  evident  that  the  magni¬ 
tude  of  the  conduction  band 
discontinuity  can  be  obtained 
only  under  forward  bias  con¬ 
dition  for  voltages  equal  to 
or  larger  than  the  built-in 
("diffusion")  voltage,  i.e.. 


^  '^D1  *  ^02 


=  V 


bi 


(1) 


These  cases  are  illustrated  in 
Figures  1c  and  Id.  AE  can 
be  obtained  by  simply  probing 
the  potential  distribution  at 
bias  levels  in  accordance  with 
equ.  (1). 


Fig.  1 

Band  diagrams  of  an  n-doped 
isotype  heterostructure  at  4 
different  bias  voltages, 
a.  zero  bias  b.  reverse  bias 
c.  forward  bias  at  flat  band 
condition  d.  large  forward  bias 

3.  Experimental  results 


"Isotype"  n'''-GaAs/n-GaAs(buffer)N-GaQ  g4AlQ  ^gAs  heterojunctions  grown 

by  a  step  cooling  LPE  process  (Lechner  et  al.  1979)  have  been  contacted 
by  evaporating  Au  Ge  Ni  Au  layers  onto  both  surfaces  and  alloying  them 
at  420“C.  Small  area  (A  =  2.2  x  lO'^cm^)  diodes  prepared  by  cleaving 
have  been  mounted  to  a  holder  which  was  then  placed  into  a  conventional 
scanning  electron  microscope  in  a  position  to  allow  scanning  the  elec¬ 
tron  beam  across  a  cleaved  surface. 

The  diodes  investigated  exhibited 
good  rectifying  behaviour  as  shown 
in  Fig.  2. 

jig 

Fig.  2  I-V  characteristic  ~  s 

of  a  typical  niGaAs/n-GaAs/ 

N-GaAlAs  heterojunction  with 

N  =  3.10^^cm"^,  n  =  lo'^cm"^ 
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It  should  be  pointed  out  that 
the  shape  of  the  I-V  charac¬ 
teristics  was  generally  such 
that  a  reliable  derivation  of 
the  barrier  height  from  I-V 
plots  was  not  possible.  By 
measuring  the  potential  distri¬ 
bution  across  the  heterointer¬ 
face  directly  by  means  of  the 
electron  beam  accurate  determi¬ 
nation  of  the  barrier  height 
was  indeed  possible. 

Figure  3  shows  the  video  signal 
versus  distance  derived  from 
the  amplified  low  energy  secon¬ 
dary  electrons  detector  for 
different  bias  voltages.  These 
"line  scans"  clearly  show  a 
depletion  layer  which  exists 
within  the  lower  doped  N-GaAlAs 
region  on  the  right  hand  side. 
Its  length  decreases  with  de¬ 
creasing  bias  voltage. 


Fig.  3  Potential  line  scans 
("contrast")  versus  distance 


The  video  signal  which  we  simply  call  "contrast",  K,  consists  of  three 
contributions; 


K(V)  =  (2) 


"ch 

<bi 


=  chemical  contrast  proportional  to  A  E^. 

=  contrast  due  to  built-in  voltage,  also  called  diffusion  voltage 
=  contrast  due  to  externally  applied  voltage  Vg 


Equation  (2)  holds  for  bias  voltages  with  neglegible  diode  currents. 
Under  forward  bias  conditions  currents  flow  which  cause  additional  vol¬ 
tage  drops  within  the  undepleted  diode  regions.  They  are  not  yet  observ¬ 
able  in  Fig.  3  due  to  the  low  resistivity  of  the  semiconducting 
materials  used. 


The  conduction  band  discontinuity  AE  can  be  obtained  from  that  line 
scan  which  exhibits  the  same  potentia"!  step  as  the  line  scans  at  higher 
forward  bias  voltages.  At  this  voltage  equation  (2)  reduces  to 

K(V)  =  (3)  and  -Vg  =  Vgj  =  AE^,/e  (4) 

with  e  being  the  electronic  charge.  In  Fig.  3  K(V)  assumes  a  constant 
value  for  forward  current  levels  equal  to  1mA  and  3  mA.  The  1mA  curve 
thus  corresponds  to  flat  band  condition. 
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Although  can  be  calculated  from  equation  (4)  the  accuracy  for  estima¬ 
ting  the  bias  voltage  at  which  K(V)  assumes  a  constant  value  might  not 
be  sufficient.  A  more  accurate  way  of  determining  AE  is  obtained  if 
K(l/)  is  plotted  against  V  as  has  been  done  in  Fig.  4.  As^^can  be  seen  the 


contrast  is  a  linear  function  of  voltage. 
The  voltage  at  which  K  intersects  the  con¬ 
stant  value  of  K=K  .  is  the  built-in  vol¬ 
tage  V.j  and,  hence;  equal  to  AE  /e.  The 
straight  line  allows  better  correction  as 
it  is  fitted  to  a  large  number  of  experi¬ 
mental  data ;  AE  =0.3e\/  from  Figure  4. 

Once  4E  is  known  the  valence  band  dis- 
continufty  AE  can  be  calculated  using 
the  well  known  band  gap  formula  for 
Gai-xAl^As: 

AE^  =  1,25x-AE^=  0.15eV  (5)  for  x=0.36. 

The  ratio  AE  :  AE  is  thus  equal  to  66:34 
in  good  agreement'with  recently  obtained 
values  (Okumura  et  al.  1985,  Watanabe  et 
al.  1985),  confirming  that  the  previously 
measured  value  of  85:15  {Dingle  et  al. 
1974)  can  no  longer  be  considered  correct. 
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4.  Conclusions 


Fig.  4  Contrast  K  versus  V 


It  has  been  demonstrated  that  conduction  band  discontinuities  at  hetero¬ 
structure  interfaces  can  be  measured  directly  by  probing  the  potential 
acr  ss  the  structure  using  a  conventional  SEM.  In  contrast  to  the  other 
electrical  methods,  the  I-V  and  C-V  measurements,  knowledge  of  structural 
details  of  the  samples  investigated  is  not  essential  and  no  assumptions 
need  to  be  made  for  calculating  band  discontinuities.  However,  contacts 
must  be  applied  to  the  structure  for  applying  reverse  and  forward  bias 
voltages  but  the  contacts  need  not  necessarily  be  ohmic  as  flat  band 
condition  can  be  established  without  drawing  forward  current  as  it  is  the 
case  in  MIS  structures.  The  E-beam  technique  is  thus  a  very  convenient 
powerful  method  for  characterizing  single  and  multiple  heterojunctions 
with  sufficient  electrical  and  spatial  resolution  in  the  order  of  O.OleV 
and  100  A,  respectively. 
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Activation  and  characterization  of  MeV  n-type  implants  in  GaAs 


Phillip  E.  Thompson  and  Harry  B.  Dietrich,  Naval  Research  Laboratory, 
Washington  DC  20375-5000 

Abstract .  The  Implantation  and  activation  of  Si  and  S  having  energies 
between  1  and  6  MeV  have  been  studied-  An  activation  study  is  reported 
in  which  both  furnace  and  rapid  thermal  anneal  were  utilized-  Extended 
layers  3  pm  deep  have  been  formed  having  carrier  concentrations  ranging 
from  l-5xl0l^/cm^  to  2xl0^®/cm^-  Burled  active  layers  have  been  pro¬ 
duced  at  a  depth  of  3  pm-  Carrier  profiles  for  a  mixer  diode  and  a 
voltage  variable  phase  shifter  are  shown- 

1-  Introduction 

Selective  ion  implantation  is  one  of  the  primary  processing  methods  used  in 
the  fabrication  of  GaAs  discrete  devices  and  Integrated  circuits.  Its  use 
has  become  widespread  because  with  selective  implantation  a  variety  of 
electrically  isolated  planar  devices  (for  instance  FET's)  can  be  fabricated 
on  the  same  chip.  Selective  implantation  is  the  only  processing  approach 
which  is  genuinely  compatible  with  monolithic  integration.  Through  the 
years  it  has  been  used  to  develop  a  very  sophisticated  FET-based  IC  tech¬ 
nology  in  GaAs.  However,  there  are  still  many  GaAs  circuits,  many  of  which 
are  of  an  MMIC  type  which  can  only  be  made  in  a  hybrid  form.  Higher 
levels  of  integration  could  be  achieved  in  this  area  if  it  were  possible  to 
Increase  the  number  of  device  building  blocks  available  to  the  circuit 
designer  in  a  truly  monolithic  format-  An  example  is  the  family  of  devices 
which  require  a  buried  n-f  layer:  mixer  diodes,  vertical  varactors  and  ver¬ 
tical  PIN's  to  name  a  few.  These  devices  and  others  could  in  principle  be 
fabricated  with  the  aid  of  higher  energy  Implantation.  Hence  there  is  cur¬ 
rently  a  push  to  develop  an  MeV  implantation  technology  in  the  III-V's. 
This  paper  deals  with  Implantation  of  Si  and  S,  having  energies  between  1 
and  6  MeV ,  in  GaAs . 

2.  Experimental  Procedures 

The  MeV  implantation  was  performed  at  Universal  Energy  Systems,  Dayton, 
Ohio  using  a  1.7  MV  Tandetron  Accelerator.  Using  triply  charged  ions, 
energies  up  to  6  MeV  were  obtained  with  1-5  MV  on  the  terminal.  In  some  of 
the  device  applications  keV  implantations  were  added  using  the  300  keV  AI 
Implanter  at  NRL.  After  implantation  the  samples  underwent  a  high  tempera¬ 
ture  anneal  to  remove  Implantation  damage  and  to  put  the  dopant  atoms  into 
active  sites.  Both  furnace  anneal  (FA)  and  optical  rapid  thermal  anneal 
(RTA)  were  Investigated.  For  the  15  min.  FA  the  samples  were  encapsulated 
with  lOOOA  of  SI3N4,  sandwiched  between  two  pieces  of  Si,  and  kept  in  a 
forming  gas  (90%  N2,  10%  H2)  atmosphere.  For  the  10  s  RTA,  both  SI3N4 
encapsulation  and  a  capless  procedure  were  employed.  In  both  cases  a  piece 
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of  GaAs  was  placed  on  the  sample  prior  to  anneal  and  a  forming  gas  atmos¬ 
phere  was  used-  The  atomic  profiles  were  obtained  by  SIMS  profiling-  The 
electrical  profiles  were  Investigated  using  electrolytic  CV  profiling,  bulk 
Hall  measurements,  and  differential  Hall  profiling - 

3-  Results  and  Discussion 

A  uniformly  doped  layer  Is  shoini  In  Fig-  1-  This  carrier  profile,  obtained 
with  a  differential  Hall  technique,  has  an  average  carrier  concentration  of 
1-5  X  lO'-^/cm^  and  an  average  mobility  of  5500  cm^/Vs-  The  reported  drift 
mobility  at  this  concentration  Is  6000  cm^/Vs  (Sze  1981)-  The  activation 
of  low  level  Implants  In  LEG  material  Is  constrained  by  Inherent  compensat¬ 
ing  centers  which  are  required  to  make  the  material  seml-lnsulatlng-  If 
the  carrier  concentration  Is  decreased  below  1-5  x  lO^^/cm^  the  activation 
and  mobility  degrade  slgnlf icantly- 

An  activation  study  was  made  of  SI  Implants  In  GaAs,  having  energies  of  1 
to  6  MeV-  The  sheet  carrier  concentration  and  mobility  were  measured  with 
the  Hall  technique-  The  carrier  concentration/mobility  measurements  for  2 
and  6  HeV  SI  are  presented  In  Figs-  2  and  3-  As  shown  a  850°C,  15  min- 
furnace  anneal  Is  adequate  for  fluences  up  to  10^^/cm^  for  2  and  6  MeV  SI - 
After  a  850°C,  15  min-  anneal  the  2  MeV  SI  implants  had  %  actlvatlon/Hall 
mobility  of  95/4730,  98/4570-  and  29%/2940  cm2/V8  for  5xl0l2,  iol3,  and 
10'-^/cm2,  respectively-  Similarly,  the  6  MeV  Si  implants  had  98/4600, 
95/4400,  and  502/3300  cm^/Vs  for  5xlO*^2^  10^3,  and  lO^’/cm^,  respectively- 
The  activation  percentages  are  greater  than  those  typically  reported  for 
keV  energy  SI  Implants  and  the  mobilities  are  at  least  as  high-  For  1  MeV 
Si,  lO^^/cm^,  Implants  it  was  necessary  to  anneal  at  higher  temperatures - 
High  dose  implantation  will  be  discussed  later  in  this  paper - 


Fig-  1-  3  pm  deep,  uniform,  n-type 

Implant-  Average  carrier  concentra¬ 
tion  of  l-5xlo3h/cm3  and  average  mo¬ 
bility  of  5500  cm^/Vs- 


FURMACE  ANNEAL  TEMP  (*CI 

Fig-  2-  Activation  study  of  2  MeV  Si 
in  GaAs  using  15  minute  furnace 
anneal- 
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Bulk  Hall  measurements  of  an  Implanted  layer,  used  above,  yield  sheet  car¬ 
rier  concentration  and  average  mobility.  By  employing  a  differential  tech¬ 
nique,  i.e.,  thin  layer  removal  and  multiple  Hall  measurements,  the  carrier 
concentration  and  carrier  mobility  at  a  given  depth  is  obtained  (Mayer  et 
al.  1970).  Differential  Hall  profiles  were  made  of  the  6  MeV  Si  Implants 
annealed  at  850°C  for  15  min.  (iji-io'^^,  10^^,  SxlO^^/cm^)  to  further  under¬ 
stand  the  activation  process  of  these  buried  implanted  layers.  Figs.  4-6. 
The  profiles  are  considered  in  order  of  ascending  dose.  The  lO^-^/cm^  im¬ 
plant  yields  a  peak  carrier  concentration  of  10^^/cm^.  The  mobility  of  the 
carriers  at  the  depth  of  the  maximum  in  the  carrier  concentration  is  4000 
cm^/Vs.  When  the  fluence  is  Increased  to  lO'^^/cm^  the  peak  carrier  concen¬ 
tration  is  5.5xl0l^/cm3  with  a  corresponding  mobility  of  2600  cm^/Vs.  The 
mobility  Increases  on  either  side  of  the  concentration  maximum.  The  re¬ 
duced  activation  efficiency  with  increasing  dose  is  due  to  the  amphoteric 
doping  nature  of  Si  In  GaAs  (Bhattacharya  et  al .  1983).  In  both  cases  the 
activation  percentage  and  mobilities  are  comparable  to  those  achieved  with 
lower  energy  implantation  and  successfully  used  in  device  fabrication. 
When  the  fluence  is  further  Increased  to  SxlO^^/cm^,  the  maximum  carrier 
concentration  is  6x101^7/  cm^.  The  carrier  mobility  at  the  location  of  the 
maximum  is  3000  cm^/Vs,  but  there  is  an  anomalous  dip  in  the  carrier  mobil¬ 
ity  0.5  pm  in  front  of  the  maximum.  This  reduction  can  be  understood  by 
considering  the  theoretical  ion  range  and  displacement  profiles  of  6  MeV  Si 
in  CaAs  calculated  using  TRIM  2.0  (Ziegler  et  al .  1985).  While  the  peak  in 
the  ion  distribution  is  at  3  pm,  the  maximum  in  the  displacements  caused  by 
the  implant  is  at  2.5  pm.  The  anomalous  dip  in  the  mobility  profile  ob¬ 
served  for  the  5xl0'-*/cm2  Si  Implant,  annealed  at  850°C,  15  min.,  is  due  to 
residual  Implantation  damage.  High  temperature  activation,  such  as  RTA 
(1050°C,  10  s)  is  used  to  anneal  out  the  damage. 

The  advantage  of  using  RTA  on  high  dose  Implants  is  demonstrated  in  Fig.  7. 
In  this  case  multiple  MeV  Si  implants  were  used  to  form  a  layer  3  pm  thick 
with  an  implant  concentration  of  SxlO^^/cm^.  When  FA  is  used,  even  at  tem¬ 
peratures  as  high  as  900°C  for  15  min.,  the  activation  is  6  %  or  less.  By 
using  RTA  Che  activation  has  Increased  to  20%. 

S  implantation  has  also  been  used  to  form  n-layers.  However,  it  has  been 
observed  that  S  rapidly  diffuses  during  high  temperature  furnace  activation 
(Wilson  et  al.  1983).  By  minimizing  the  exposure  to  high  temperature 
through  the  use  of  RTA  the  diffusion  of  the  S  is  controlled.  The  carrier 
profile  of  1.15  MeV  S,  lol^/cm^,  obtained  with  electrolytic  CV  profiling, 
and  the  atomic  distribution  profile  prior  to  anneal,  obtained  with  SIMS, 
are  shown  in  Fig.  8.  AS  diffusion  coeficient  of  3.7xlO”72  cm^/s  was  cal¬ 
culated,  which  is  similar  to  those  reported  for  FA  (Pearton  and  Cummings 

1985).  The  redistribution  is  reduced  since  the  exposure  time  to  high  tem¬ 
perature  is  down  by  three  orders  of  magnitude  compared  to  FA. 

Co-lmplancation  of  S  and  Si  has  been  used  to  form  n+  layers  having  carrier 
concentrations  of  2xl0^^/cm^.  An  example  of  the  use  of  co-implantation  are 
substrates  Implanted  for  mixer  diodes.  The  carrier  profile  is  shown  in 
Fig.  9.  The  vertical  mixer  diode  structure  requires  Ipw  n-type  doping  on 
the  surface,  suitable  for  the  fabrication  of  a  Schottky  barrier  diode,  and 

a  deep  n+  region  for  an  ohmic  contact.  The  transition  between  the  two 

regimes  should  be  as  abrupt  as  possible  to  minimize  the  series  resistance 
of  the  diode.  Mixer  diodes  are  currently  being  fabricated. 

Another  example  of  a  device  application  is  a  implanted  voltage  variable 
phase  shifter.  The  doping  layer  requirements  are  a  surface  layer  having  a 
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carrier  concentration  of  10l7/cm3  and  a  thickness  between  l.S  and  2  \m  and 
a  subsurface  layer  of  equivalent  thickness  and  a  carrier  concentration  of 
lO^S/cm^.  The  original  voltage-variable  phase  shifter  concept  was  demon¬ 
strated  using  VPE  substrates  (Neidert  and  Krowne  1985).  A  "first  cut"  was 
made  to  duplicate  this  doping  structure  using  HeV  implantation,  Fig.  10. 
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Fig.  3.  Activation  study  of  6  MeV 
Si  In  GaAs  using  15  minute  furnace 
anneal . 
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Fig.  4.  Differential  Hall  profile  of 
6  MeV  Si,  1013/j.j,2^  in  GaAs  annealed 
at  850°C,  15  minutes. 
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Fig.  5.  Differencial  Hall  profile 
of  6  MeV  Si,  10l^/cm2,  in  GaAs 
annealed  at  850°C,  13  minutes* 
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Fig.  6.  Differential  Hall  profile 
of  6  MeV  Si,  SxlO^^/cm^,  in  GaAs 
annealed  at  850°C,  15  minutes. 
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Devices  have  been  fabricated  and  phase  shift,  0,  and  Insertion  loss,  L, 
measureoents  were  performed  for  frequencies  2-18  GHz  at  room  temperature. 
Comparison  of  the  ion-implanted  device  results  to  epitaxial  device  results 
indicates  comparable  electrical  performance,  with  no  more  than  a  30Z  reduc¬ 
tion  in  gain  but  trith  an  Improvement  in  loss  behavior  up  to  40  2.  These 
differences  are  attributed  to  differences  in  doping  profiles. 


Fig.  7.  Activation  study  of  a  3  um 
deep,  uniformly  Implanted  layer. 
Average  implant  concentration  of 
5xl0l°/cm^. 


Fig.  8.  Comparison  of  the  carrier 
profile  to  the  initial  Implanted 
profile  of  1.15  MeV  S  in  GaAs. 
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Fig.  9.  Carrier  profile  for  mixer 
diode  fabrication  obtained  with  MeV 
Implantation. 


Fig.  10.  Carrier  profile  for 
variable  voltage  phase  shifter 
obtained  with  MeV  implantation. 
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4.  Conclusion 

3  iim  thick  uniform  n-layers  have  been  formed  In  GaAs  using  MeV  Implanta¬ 
tion.  The  doping  concentrations  ranged  from  1.5xl0^^/cm^  to  2xl0^^/cm^, 
with  carrier  mobilities  of  5500  and  1500  cm^/Vs,  respectively.  Burled 
n-layers  have  been  formed  2  pm  below  the  surface  using  6  MeV  SI  Implanta¬ 
tion.  Both  FA  and  RTA  have  been  Investigated.  For  Implant  concentrations 
of  5xl0l^/cm3  or  less,  850°C  furnace  anneal  with  a  Si3N4  encapsulation 
proved  adequate.  At  higher  Implant  concentrations  RTA  proved  to  be 
superior.  Implanted  profiles  for  mixer  diodes  and  voltage  variable  phase 
shifters  have  been  produced.  The  implanted  phase  shifter  devices  have 
electrical  characteristics  equivalent  to  epitaxial  devices. 
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High  activation  transient  annealing  of  Si-  and  Mg-implanted  GaAs  using 
improved  graphite  heater 


Wei  Dong  Fan,  Xln  Yuan  Jiang,  Guan  Qun  Xia,  Wei  Yuan  Wang 

Shanghai  Institute  of  Metallurgy,  Academia  Slnlca 

865  Chang  Ning  Road,  Shanghai  200050,  China 

Abstract.  Experimental  method  and  results  for  high  activation  and 
low  redistribution  transient  annealing  (TA)  of  ion- implanted  GaAs  are 
described.  Samples  covered  with  Si-wafer  were  preheated  to  420°C  and 
raised  to  900-1220°C  (graphite  temperature)  or  higher  within  4  sec 
using  improved  graphite  heater  in  purified  N2  atmosphere  with  annealing 
time  of  20  sec.  Undoped  SI  GaAs  samples  were  implanted  with  ISOKeV  Si 
to  a  dose  of  3x10*  *cm~^  and  200KeV  Mg"*"  to  a  dose  of  1x10* ''cm”^ .  When 
TA  temperature  is  1220°C  for  Si-implanted  sample  and  1170°C  for  Mg- 
Implanted  sample,  the  activation  efficiencies  are  92  and  100%  respec¬ 
tively.  After  compared  with  LSS  theoretical  distribution  and  SIMS 
measured  Mg  atomic  profile,  the  redistribution  of  Mg-implanted  sample 
after  TA  is  negligible.  The  Si- implanted  TA  GaAs  wafers  were  used  for 
fabrication  of  GaAs  MESFETs  with  better  DC  performances. 

1.  Introduction 


Ion  Implantation  has  widely  been  used  for  Impurity  doping  of  wafers  in 
fabrication  of  GaAs  MESFETs  and  it's  ICs  with  good  uniformity  and  repro¬ 
ducibility,  but  there  still  exist  some  problems  to  be  solved.  The  conven¬ 
tional  post-implantation  annealing,  furnace  annealing  (FA),  with  encapsu¬ 
lated  films  or  intimately  contacted  wafer  is  usually  carried  out  at  about 
800  C  for  30rain.  The  electrical  properties  of  Implanted  GaAs  layer,  such 
as  activation  efficiency  and  carrier  concentration  profile  are  affected 
due  to  redistribution  of  atoms  which  results  in  poor  controllability  for 
the  device  characteristics. 

In  recent  years,  a  new  annealing  method,  transient  annealing  (TA) ,  using 
radiation  heat  from  halogen  lamps  (Kohzu  et  al  1983),  arc  lamps  (Tabatabaie- 
Alavl  et  al  1983),  tungsten  lamps  (Ezls  et  al  1984),  graphite  strip  heater 
(Champman  et  al  1982),  was  used  for  GaAs  annealing,  '  is  characterized  by 
high  temperature  annealing  within  several  sec.  The  prelimilary  results 
indicated  that  high  activation  and  low  redistribution  can  be  expected. 

In  this  paper,  a  new  design  of  transient  annealing  apparatus  with  Improved 
graphite  heater  is  described.  The  electrical  properties  of  Si-  and  Mg- 
implanted  GaAs  layer  after  TA  are  discussed  and  GaAs  MESFETs  were  fabri¬ 
cated  . 

2.  TA  Apparatus 

The  schematic  diagram  of  the  new  designed  Infrared  TA  apparatus  is  shown 
in  Flg.l,  A  concave  graphite  block  placed  on  a  quartz  pedestal  and  situ¬ 
ated  at  the  middle  of  high  frequency  coll  is  heated  by  high  frequency 
©  1987  lOP  Publishing  Lid 
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3.  Experimental  Procedures 

Samples  used  in  this  work  were  undoped  LEG  SI  (100)  GaAs  single  crystal 
wafers.  Prior  to  implantation,  the  wafers  were  chemically  cleaned  and 
etched  in  3H2SO4: IH2O2: IH2O  solution  at  50°C  for  5  min  to  remove  po¬ 
lishing  damage.  Si'*'  and  Mg  implantations  were  performed  at  room  tempera¬ 
ture  at  7°  off  the  <100>  crystal  axis.  TA  was  performed  in  purified  N2 
atmosphere  and  the  GaAs  sample  was  closely  contacted  with  Si-wafer  to  pre¬ 
vent  GaAs  dissociation.  For  comparison,  the  close-contact  capless  furnace 
annealing  was  also  used. 

After  annealing.  Hall  effect  and  sheet  resistivity  measurements  were  made 
using  Van  der  Pauw  method  to  examine  the  activation  efficiency  and  mobility 
of  implanted  wafers.  Also,  carrier  and  atomic  concentration  profiles  were 
obtained  by  Polaron  automatic  concentration  profilemeter  and  SIMS  measure¬ 
ments  respectively. 

A.  Results 


A.l  Si-implanted  GaAs  layer  characteristics 

Fig. 3  shows  the  dependence  of  activation  efficiency  and  mobility  on  TA 
temperature  for  Si-implanted  GaAs.  The  activation  efficiency  increases 
with  increasing  of  TA  temperature  and  amounts  to  92%  at  1220  C,  higher 
than  that  of  FA,  50%  at  800°C  for  30  min.  The  mobility  increases  with 
increasing  TA  temperature  from  1050°C  to  about  1120  C,  after  then  it 
decreases  with  increasing  of  TA  temperature. 

Fig. A  shows  the  relationship  between  the  activation  efficiency  and  TA  time 
at  annealing  temperature  of  1170°C.  When  the  annealing  time  increases  to 
more  than  20  sec,  the  activation  efficiency  decreases. 


TA  temp,  ("c) 

Fig.  3  Dependence  of  activation 
efficiency  and  mobility  on  TA 
temperature 


Fig.  A  Relationship  between 
activation  efficiency  and  TA 
time 
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Depth  (um)  fig.  6  Dependence  of  activation 

efficiency  and  mobility  on  TA 
Fig.  5  Carrier  concentration  profiles  temperature 

Carrier  concentration  profiles  of  Si-implanted  n-GaAs  layer  annealed  by  TA 
and  FA  are  shown  in  Fig. 5.  It  can  be  seen  that  higher  peak,  concentration 
with  negligible  redistribution  can  be  achieved  after  TA  at  1220°C  for  20 
sec. 

4.2  Mg-implanted  GaAs  layer  characteristics 

Fig. 6  shows  the  dependence  of  activation  efficiency  and  mobility  on  TA 
temperature.  The  activation  efficiency  increases  with  increasing  of  TA 
temperature  and  reaches  100%  at  1170  C,  but  the  mobility  saturates  at 
more  than  1120°C.  For  comparison,  the  activation  efficiency  of  the  sample 
annealed  by  FA  at  800°C  for  15  min  is  only  53%. 

The  concentration  profiles  for  Mg-implanted  GaAs  wafer  are  shown  in  Fig. 7. 
It  shows  that  the  carrier  concentration  profile  after  TA  is  in  good  agree¬ 
ment  with  SIMS  Mg  atom  profile  and  LSS  theoretical  distribution,  and  ex¬ 
hibits  negligible  Mg-redistrlbution.  On  the  other  hand,  the  carrier  con¬ 
centration  profile  after  FA  at  800  C  for  15  min  exhibits  wide  Mg-redistri- 
butlon. 

4.3  GaAs  MESFET  characteristics 

The  TA  samples  were  used  in  fabrication  of  GaAs  MESFETs  with  gate  length 
of  I.Svira  and  width  of  AOym.  The  GaAs  active  layer  was  performed  using 
Si"*"  implantation  at  150KeV  to  a  dose  of  4.5xlo’^*cro“^  and  50KeV  to  a  dose 
of  Sxio'^cm”^,  followed  by  TA  at  1170°C  for  20  sec.  The  source  and  drain 
ohmic  contact  were  made  by  evaporated  Ni/Au-Ge  metal  and  alloyed  at  450^C 
for  1.5  min,  the  metal  gate  was  made  by  evaporated  A1  using  lift  off 
technique  after  recessing  the  n  -layer. 
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Fig.  7  SIMS  atomic  and  electrical  Fit’*  8  GaAs  gate-source  diode  1-V 
carrier  concentration  plotted  as  characteristics  (a)  and  CaAs  MESFET 
a  function  of  depth  output  characterist ics  (b) 


The  electrical  characteristics  of  CaAs  MESFET  are  as  follows: 
gj^=166mS/mni,  Vp=-3,0V,  and  VQ=-hV  as  shown  in  Fig. 8. 

3.  Discussion 


We  have  obtained  the  successful  results,  high  carrier  activation  and  low 
atom  redistribution  by  the  new  designed  TA  apparatus.  AES  measurements  of 
Si-implanted  GaAs  sample  indicate  that  the  surface  composition  of  GaAs  is 
stoichiometric  after  TA  at  1170^C  for  20  sec  (Fan  et  al  1986).  The  im¬ 
proved  graphite  heater  and  optimum  TA  conditi^'ns  make  the  suppressing  of 
GaAs  dissociation  feasible  and  the  obtaining  of  higher  activation  effi¬ 
ciency  rocni j  1«, 

The  results  similar  to  Fig. 4  were  obtained  by  Hiramoto  et  al  (1983).  It 
is  well  known  that  the  mobility  and  carrier  concentration  of  ion  implanted 
materials  depend  on  damage  defects  and  lonir.ed  impurities  in  the  material. 
The  damage  defects  decrease  and  the  ionized  impurities  increase  with  in¬ 
creasing  of  TA  temperature,  which  result  in  increasing  of  carrier  concen¬ 
tration,  and  increasing  of  mobility  r  a  certain  temperature  range  and 
decreasing  of  mobility  at  higher  temperature. 

The  implanted  Mg  atom  distribution  shown  in  Fig. 7  is  different  from  the 
results  by  Yeo  et  al  (1982).  It  seems  that  if  the  channeling  effect 
could  be  avoided  and  a  lower  target  temperature  could  be  kept,  the  Mg 
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distribution  should  be  fitted  to  LSS  theoretical  distribution. 

Chapman  et  al  (1982)  had  carried  out  RBS  measurements  in  Se-implanted  TA 
GaAs  samples,  and  obtained  the  minimum  channeling  yield  Xmin  ^-2  and 

5.5%  at  TA  temperature  of  1010°C  and  1040  C,  respectively.  The  Xmin 
undamaged  GaAs  crystal  is  about  4%.  It  will  be  worth  to  carry  out  RBS 
measurements  on  our  Si-implanted  GaAs  in  order  to  Identify  the  residual 
damage  defects.  It  is  possible  that  still  higher  activation  efficiency 
can  be  achieved  in  Si-implanted  GaAs  at  higher  TA  temperature  shown  in 
Fig. 3. 

Although  Mg  is  a  fast  diffusion  element  at  high  temperature.  Mg  has 
negligible  redistribution  after  TA  treatment  as  verified  in  this  experi¬ 
ments.  We  believe  that  the  deep  level  impurities  in  SI  GaAs  have  a  lower 
redistribution  in  TA  than  FA  treatment.  Besides  a  very  high  carrier 
activation  can  be  obtained  using  TA  technique.  The  above  advantages  are 
of  benefit  to  obtain  highly  homogeneous  Implanted  GaAs  for  MESFET  ICs. 

The  TA  samples  were  used  for  fabrication  of  GaAs  MESFETs  with  better 
performances  as  shown  in  Fig. 8  and  in  published  literature  (Kohzu  et  al 
1983).  But  the  stress  in  large  diameter  GaAs  wafer  after  TA  treatment 
and  how  to  avoid  it  should  be  further  investigated  in  future  for 
application  of  TA  technique  in  GaAs  ICs. 

Acknowledgement 

The  authors  would  like  to  acknowledge  their  indebtedness  to  200KeV,  bOOKeV 
ion  Iraplanter  group  and  GaAs  MESFET  group  of  our  institute  for  their 
efficient  cooperation  in  ion  implantation  and  GaAs  MESFET  fabrication. 


References 


Chapman  R  L,  Fan  John  C  C,  Donnelly  J  P  and  Tsaur  B  Y  1982  Appl.  Phys. 

Lett .  ^  805 

Ezis  A,  Yeo  Y  K  and  Park  Y  S  1984  Mat.  Res.  Soc.  Symp.  Proc .  ^  681 
Fan  W  D,  Jiang  X  Y,  Xla  G  Q  and  Wang  W  Y  1986  to  be  published 
Hiramoto  Toshiro,  Salto  Toshio  and  Ikoma  Toshiaki  1985  Jpn.  J.  Appl.  Phvs. 
^  L193 

Kohzu  H,  Kuzuhara  M,  Takayama  Y  1983  J.  Appl.  Phys.  54  4998 
Tabatabaie-Alavi  K,  Masum  Choudhury  A  N  M,  Fonstad  C  G,  and  Gelpey  J  C 
1983  Appl.  Phys.  Lett.  ^  505 

Yeo  Y  K,  Park  Y  S,  Pedrottl  F  L  and  Choe  B  D  1982  J.  Appl.  Phys.  53  6148 


Inst.  Phys.  Conf  Ser.  Na  83:  Chapters 

Paper  presented  at  Int.  Symp.  GaAs  and  Related  Compounds,  Las  ^egas,  Nevada,  1986 


283 


Regrowth  of  amorphized  InP 
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Abstract  Epitaxial  regrowth  is  investigated  for  layers  of  InP  amorphized  by  ion 
implantation  at  77°  K  and  room  temperature.  Experimental  criteria  for  amorphization  and 
limitation  of  regrowth  are  correlated  with  damage  calculated  by  a  Boltzmann  transport 
equation  approach  to  ion-implant  modeling.  Conditions  for  complete  epitaxial  regrowth 
as  determined  by  channeled  Rutherford  backscattering  are  presented.  The  limitation  of 
solid  phase  epitaxy  in  InP  is  discussed  in  terms  of  the  atomic  imbalance  induced  by  In 
and  P  recoils. 

1.  Introduction 

A  number  of  papers  in  the  literature  deal  with  ion  implantation  in  InP,  an  area  of  considerable 
interest  because  of  its  potential  use  in  a  wide  variety  of  microwave,  high-speed  integrated 
circuits  and  electro-optical  devices.  An  understanding  of  defects  resulting  from  ion-implant 
damage  in  compound  semiconductors  is  vital  for  the  effective  employment  of  ion 
implantation  for  high  density  III-V  integrated  circuits  or  optical  devices.  A  technique  has 
been  developed  by  Christel  et  at  (1981ab)  for  the  modeling  of  lattice  displacements  and 
stoichiometric  imbalances  resulting  from  implant  damage  in  compound  semiconductors.  This 
technique,  which  employs  the  Boltzmann  transport  equation  (BTE)  approach  to  ion 
implantation  in  compound  semiconductors,  is  used  in  this  work  to  correlate  experimental 
observations  with  physical  damage  mechanisms.  Damage  profiles  from  Rutherford 
backscattering  spectrometry  (RBS)  are  correlated  with  features  of  BTE  calculations  to 
develop  a  physical  understanding  of  the  defect  formation  processes. 

The  particular  application  of  the  correlation  of  experiment  with  BTE  calculations  that  is 
addressed  in  this  work  is  the  amorphization  and  solid  phase  epitaxial  regrowth  of  compound 
semiconductors.  The  motivation  for  an  amorphizing  ion  implant  followed  by  solid  phase 
epitaxy  (SPE)  is  as  follows:  it  has  been  known  for  some  time  that  in  Si  this  technique  results 
in  activation  of  implanted  dopants  at  significantly  lower  temperatures  (<600°C)  than  those 
required  to  remove  implant  defects  when  the  target  is  not  amorphized  (Crowder  1970).  The 
lower  temperature  required  for  the  anneal  and  activation  of  an  amorphising  implant  would  be 
attractive  for  compound  semiconductor  devices  from  the  standpoint  of  minimizing  material 
decomposition  as  well  as  reducing  impurity  redistribution.  In  the  following  sections 
amorphization  criteria  are  proposed  for  InP,  followed  by  observations  on  the  correlation  of 
SPE  results  with  BTE  calculations. 

2.  Amorphization 

The  sequence  of  structural  changes  that  occur  during  conversion  of  a  crystalline 
semiconductor  to  an  amorphous  state  when  subjected  to  ion  damage  is  still  not  well 
understood.  The  models  for  amorphization  can  be  summarized  in  two  categories:  (i)  The 
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so-called  "heterogeneous”  model,  which  suggests  that  individual  damage  clusters  are 
amorphous,  and  that  complete  amorphization  occurs  as  a  result  of  accumulation  and  merging 
of  individual  damage  clusters  (Gibbons  1968).  (ii)  The  "homogeneous”  model,  which 
suggests  that  when  the  defect  concentration  reaches  some  critic^  value  in  single  crystal 
material,  the  crystal  becomes  unstable  and  transforms  to  an  amorphous  state  (Swanson  et  al 
1971).  The  first  model  leads  to  the  conclusion  that  when  the  energy  density  deposited  into 
elastic  atomic  processes  exceeds  a  certain  threshold,  a  continuous  amorphous  layer  is 
formed.  Although  this  is  a  useful  criterion  for  the  production  of  an  amorphous  layer,  such 
estimates  suffer  from  the  fact  that  they  do  not  account  for  the  spatial  distribution  of  the 
energy  deposited  into  atomic  processes. 

By  using  the  BTE  calculation,  it  is  possible  to  determine  fairly  accurately  the  fraction  of  the 
lattice  which  is  displaced  as  a  function  of  depth  during  implantation,  from  the  number  of 
atom  recoils  produced  per  unit  volume  at  each  depth.  Dividing  this  number  by  the  atomic 
density  yields  the  fractional  displacement  of  the  lattice.  The  results  of  these  calculations  can 
be  correlated  with  the  depth  of  implantation-induced  amorphous  layers  which  have  been 
measured  experimentally  by  ion  channeling  and  backscatteting. 

3.  Solid  Phase  Epitaxy 

It  is  well  established  from  RBS/channeling  measurements  that  the  recrystallization  of  an 
amorphous  layer  occurs  by  solid  phase  epitaxy  (SPE).  Atoms  in  the  amorphous  region  make 
bonds  with  those  in  the  single  crystal  substrate  at  the  amorphous-crystalline  interface  during 
the  recrystallization  process.  The  interface  therefore  advances  in  a  layer-by-layer  manner. 
However,  the  recrystallization  behavior  of  Ill-V  compounds  (and  consequently  their 
electrical  properties)  is  quite  different  from  that  of  Si.  For  example,  the  regrowth  of  an 
amorphous  layer  in  (100)  Si  tends  to  be  free  of  secondary  defects,  especially  microtwins  and 
stacking  faults.  In  contrast,  the  regrowth  of  such  layers  in  (100)  Ill-Vs  leaves  a  large 
amount  of  disorder,  as  observed  with  a  variety  of  techniques.  Nevertheless,  it  is  known 
from  these  measurements  that  an  amorphous  layer  produced  by  ion  implantation  can  be  made 
to  recrystallize,  under  certain  conditions,  at  a  much  lower  temperature  (150-250‘’C)  forGaAs 
and  InP  than  an  analogous  amorphous  layer  of  Si  (450-500°  Q  (Sadana  1985). 

Eietailed  accounts  of  the  regrowth  of  amorphous  InP  have  been  given  by  Auvray  et  al  (1982) 
for  Cr  and  Se  implants  at  room  temperature  (RT),  Woodhouse  et  al  (1984)  for  Se  implants  at 
liquid  nitrogen  temperature  (LNT),  and  Bahir  era/  (1986)  for  Si  implants  at  both  LNT  and 
RT.  A  linear  relationship  between  the  thickness  of  the  disordered  layer  following  annealing 
and  the  initial  amorphous  thickness  has  been  established.  This  relationship  was  found  to 
independent  of  ion  species  and  implant  dose,  so  long  as  the  dose  was  high  enough  to  create 
an  amorphous  layer  that  extended  to  the  surface,  with  thickness  above  =  2000  A.  A  similiar 
relationship  was  found  for  GaAs  by  Grimaldi  ct  al  (1981). 

In  elemental  semiconductors,  the  recoil  of  substrate  atoms  causes  the  displacment  of 
indistinguishable  atoms  from  one  region  to  another.  In  compound  semiconductors,  on  the 
other  hand,  the  constituent  species  are  distinguishable,  and  because  they  have  different 
masses,  they  do  not  recoil  equally,  which  leads  to  local  perturbations  in  stoichiometry.  This 
process  is  simulated  by  the  BTE  calculations.  The  major  quantity  of  interest  here  is  the 
resulting  imbalance  of  the  normal  stoichiometry  of  the  substi'ate,  i.e.,  the  excess 
concentration  of  one  substrate  element  over  the  other.  The  calculations  yield  directly  four 
concentration  profrles,  namely  the  indium  and  phosphorous  vacancy  distributions,  and  the 
indium  and  phosphorous  recoU  distributions. 

The  first  step  in  determining  the  imbalance  is  to  subtract  the  vacancy  distribution  from  the 
recoil  distribution  for  each  atom  type,  in  order  to  obtain  the  net  displaced-atom  distribution. 
The  second  step  is  to  subtract  the  net  displaced  phoshorous  distribution  from  the  net 
displaced  indium  distribution  to  obtain  the  net  excess  atom  distribution,  which  is  a  true 
measure  of  the  stoichiometric  imbalance.  This  procedure  has  been  implemented  in  this  work 
for  different  implant  doses. 
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4.  Experimental 

Highly-polished,  (100)  oriented,  300  )im  thick,  non-intentionally-doped  single  crystals  of 
InP  were  used  for  these  experiments.  For  comparison,  some  experiments  were  done  on 
Fe-doped  semi-insulating  material.  The  Si  ion  implantations  were  performed  at  RT  or  LNT, 
with  fluences  between  10'^  and  10**  ions/cm^  at  an  energy  of  1 80  keV  and  a  constant  current 
density  of  0.1  jiA/cm^.  Furnace  annealing  at  temperatures  between  250°  and  750°C  was 
performed  in  a  conventional  open  tube  furnace  under  flowing  dry  Ar  mixed  with  10%  Hj  gas 
(Bahir  et  al  1986).  The  implantation-induced  disorder  and  recrystallization  following 
annealing  were  analyzed  by  RBS  and  channeling  of  2.2  MeV  He  ions.  A  solid  state  detector 
placed  at  a  laboratory  angle  of  170°  was  used  to  collect  the  backscattered  particles. 

5.  Results  and  Discussion 
5.1  Amorphization 

Profiles  of  damage  energy  density  and  lattice  displacement  as  calculated  by  the  BTE  have 
been  compared  with  the  results  of  amorphizing  Si  implants  into  InP.  Fig.  1  shows  the 
experimental  results  obtained  by  channeling  and  backscattering  of  2.2  MeV  He  ions  for  the 
disorder  distribution  resulting  from  implantation  of  180  keV  Si  into  InP  held  at  room 
temperature,  for  three  different  doses;  10**.  5x10**  and  10*^  Si  ions/cm^.  A  value  of  unity 
indicates  complete  randomness  of  the  sample;  this  is  taken  to  mean  that  the  sample  is 
amorphous  at  this  depth.  Because  of  the  large  mass  difference  between  phosphorous  and 
indium,  we  can  completely  resolve  the  He  ions  that  were  scattered  from  In  atoms  to  a  depth 
greater  than  5000  A,  from  those  that  were  scattered  from  P  atoms.  Thus,  such  a  RBS 
spectrum  represents  only  the  displaced  In  atoms.  The  crystal  became  amorphous  for  doses 
between  5x10**  and  10'“*  ions/cm*;  from  these  data  we  estimate  that  the  critical  energy 
density  for  amorphization  is  between  2.5  and  5x10^®  keV/cm*  . 


Fig.  1  Nomialized  aligned  RBS  spectrum 
(reversed  direction)  of  2.2  MeV  He 
ions  on  InP  implanted  at  room 
temperature  with  10**  ,  5*10'*,10*^ 
180  keV  Si  cm-2. 


Fig.  2  BTE  calculations  for  damage  density 
and  number  of  In  sublattice  displac- 
ment  for  InP  implanted  with  10**, 
5»I0'3,I0*'’  180  keV  Si  cm-2. 
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Fig.  2  shows  the  results  of  the  BTE  calculation  for  the  number  of  displaced  In  atoms  as  a 
function  of  depth  under  the  same  implant  conditions  presented  at  Fig.  1,  assuming  a 
displacement  energy  Ej=ll  eV.  By  integrating  these  curves,  the  results  indicate  that  the 
number  of  displaced  atoms  is  proportional  to  the  dose.  The  calculation  assumes  that  the 
damage  is  stable  and  there  is  no  self-annealing  during  implantation,  which  we  know  to  be  an 
incorrect  assumption  at  RT.  Comparison  between  experimental  results  and  the  BTE 
calculation  shows  that  for  a  dose  of  SxlO'^/cm^the  calculated  profile  is  similar  to  the 
experimental  result,  whereas  for  the  higher  dose  the  measured  damage  is  not  proportional  to 
implant  dose,  and  the  crystal  is  transformed  to  an  amorphous  layer.  This  change  could 
support  the  homogeneous  model  for  amorphizadon;  i.e.,  relaxadon  to  the  amorphous  state  at 
a  certain  dose,  because  the  relation  between  dose  and  damage  does  not  appear  to  be  linear, 
Fig.  1.  The  position  of  the  edge  of  amorphous  interface  is  taken  to  be  the  point  at  which  the 
normalized  yield  drops  half  the  distance  to  the  lowest  yield  outside  the  amorphous  region 
(yield  of  about  0.8  at  depth  of  2600  A).  Comparison  of  the  calculated  number  of  displaced 
atoms  of  this  depth  with  experimental  results  (including  the  calculated  data  for  phosphorous 
atom  displacement,  not  shown  in  Fig.2)  indicates  that  the  fractional  lattice  displacement  for 
amorphization  is  approximately  0.1%  for  Ej=l  1  eV,  or  0.5%  if  Ej=6.4  eV  is  used  in  the  BTE 
calculation. 


5.2  Solid  phase  epitaxy 

The  typical  annealing  behavior  of  a  thick  layer  (>2000A)  of  ion-induced  damage  can  be  seen 
in  Fig.  3  .  In  this  figure  we  show  the  damage  distribution  for  a  LNT  implant  of  10'-'’  Si 
ions/cm^  as-implanted  at  1 80  keV,  and  following  different  annealing  schedules  (250°C  and 
400°C  for  120  minutes,  and  750°C  for  15  minutes),  each  of  which  represents  the  time  for 
maximum  regrowth  thickness  for  the  given  temperature.  For  all  temperatures  the  regrowth  is 
incomplete.  We  found  that  the  regrowth  rate  is  nonlinear,  characterized  by  an  initial  rapid 
growth  that  slows  and  eventually  stops  at  a  given  amorphous  depth  for  each  temperature. 


For  low  annealing  temperature,  <250“C,  there  is  SPE,  since  there  is  no  reduction  in  the 
damage  level  of  the  un-regrown  region.  There  may  also  be  SPE  at  higher  temperatures,  but 
it  is  not  uniform  judging  by  the  reduced  yield  ne.ar  the  surface,  which  indicates  that  the 
regrowth  ended  with  a  high  density  of  extended  defects,  or  with  slightly  misoriented 
crystallites.  These  results  differ  from  those  of  Wrick  et  al  (1981),  for  77°  K.  10*-'  cm"^' 
21)0  keV  implanted  phosphorous,  who  reported  complete  rcgrowth  following  annealing  at 
400°  C  for  24  hours. 
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Fig.  3  Aligned  and  random  RBS  spectra  for  un- 
annealed  InP  implanted  al  77°K  with  180 
keV  10*5  Si/cm^,  and  following  FA  at 
250®  C  2  hr.,  400  2  hr.  and  750  15  min- 
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The  regrowth  behavior  of  a  disordered  sample  with  an  amorphous  layer  less  than  2000A 
thick  is  different.  Following  furnace  annealing  at  750®C  the  samples  do  not  completely 
reorder  but  remain  relatively  free  of  damage.  Furnace  annealing  at  a  temperature  of  250°  C 
for  60  minutes  can  induce  epitaxial  regrowth  of  damage  induced  by  170  keV  RT  implant  of 
5xl0’^  Si  ions/cm^.  There  is  epitaxial  regrowth  from  crystalline  InP  both  underlying  and 
overlying  the  amorphous  layer,  leaving  a  small  residual  disorder  peak  (Bahir  et  al  1986). 


The  channeling  results  for  samples  implanted  at  RT  and  LNT,  followed  by  furnace  annealing 
at  different  temperatures  (250°,  400°  and  750°C)  are  summarized  in  Fig.  4,  where  the 
thickness  of  the  residual  disorder  following  annealing  is  plotted  against  the  thickness  of  the 
amorphous  layer  in  the  as-implanted  samples.  We  show  that  for  each  annealing  temperature 
there  is  a  characteristic  linear  relationship  between  the  damage  thickness  of  the  as-implanted 
layer  and  the  residual  thickness  following  annealing.  Possible  reasons  for  the  difficulties 
encountered  in  obtaining  defect-free  regrowth  of  the  amorphous  layer  in  InP  are  primarily 
due  to  the  binary  nature  of  the  system. 


taOk«v  S<  — 
oose  3mio‘*:fTr* 


o  nCT  In  VACANCIES 

2  •  -CT  tn  3ISPLACE0 

“  A  e  VACANCIES 

-  A  Htr  o  OiSPtACEC 


i'"T 

*  45 

1  ^ 

*  A  / 

2 


^EXCESS  Iff 


— /  V  .  i 

' — 5 

A  I  : 


f  3 


in'*  1  I  .  : _ I - 1 - 

0  '500  3000 

DEPTH  ill 

Fig.  .S  BTE  calculations  of  the  stoichiometry 
distribution  in  InP  implanted  with  1X0 
keV  Si  ions  to  a  dose  of  1*  lo''*  cnf7 


Fig,  6  Aligned  and  random  RBS  spectra  for 
unanncalcd  InP  implanted  with  180 
keV  ,1.3*I0'4  Si/cm7  and  following 
FA  at  7,S0’  C  or  RTA  at  X.SO'C, 


Fig  5  shows  the  results  of  BTE  calculations  for  the  case  of  180  keV  Si  implanted  to  a  do.se  of 
.)xlO'‘'  ions/cm^.  The  results  indicate  that  there  will  be  an  imbalance  in  stoichiometry 
resulting  from  the  implant.  At  shallow  depth  an  excess  of  In  is  present,  while  at  greater 
depth  an  excess  of  P  exists.  The  distance  between  the  region  of  excess  vacaheies  (introduced 
primarily  between  the  surface  and  the  projected  range,  Rp)  and  the  region  of  excess 
interstitials  (introduced  deeper  than  R^)  is  approximately  I0(X)A.  In  a  solid-phase  epitaxial 
process  the  proper  reconstruction  of  the  damaged  lattice  is  dependent  on  the  availability  of 
elements  in  the  correct  proportions  near  the  interface  between  the  damage  and  recrystallized 
regions.  Thus,  In  and  P  interstitials  and  vacancies  must  diffuse  hundreds  of  angstroms  in 
order  to  satisfy  the  reijuirement  for  epitaxial  lattice  growth.  The  .self  diffusion  coefficients  of 
In  and  P  in  InP  at  7.5()°Care  10”  and  3xl()''''cmVsec.  respectively  (Goldstein  1961).  These 
numbers  were  measured  in  a  single  crystal;  we  assume  that  they  give  at  least  the  coacct  order 
of  magnitude  for  the  real  diffusion  coefficients  in  amorphous  material.  From  these  numbers 


288 


Gallium  Arsenide  and  Related  Compounds  1986 


it  is  clear  that  the  P  diffusion  coefficient  is  small  and  does  not  allow  such  long  range 
diffusion  for  the  time  and  temperature  conditions  used  in  these  experiments.  For  example, 
the  characteristic  diffusion  distance  l=VDt  for  T=750‘’C  and  t=15  minutes  will  be  about  50A. 
Thus,  successful  reordering  of  the  lattice  can  not  be  accomplished.  To  the  extent  that 
reordering  is  not  completed,  proces.ses  which  are  dependent  on  disorder  will  be  enhanced. 
Correlating  the  depth  at  which  regrowth  stops  (»=  ISOOA,  as  shown  by  the  750°C  FA  curve  in 
Fig.  6)  with  the  BTE  calculations  shown  in  Fig.  5,  indicates  that  the  regrowth  stops  at  a  net 
vacancy  concentration  on  the  order  of  10'*/cm  .  Some  preliminary  experiments  were  done  in 
order  to  reduce  the  stoichiometry  perturbation  induced  by  the  implantation.  Phosphorous 
was  implanted  at  low  energy  ( 1  (X)  ke V)  to  a  dose  of  5x10’^  ions/cm^  following  a  Si  implant 
at  180  keV.  To  date,  however,  this  technique  has  not  yielded  any  better  results  than  those 
reported  above. 

The  mechanism  for  the  results  we  have  observed,  namely  that  we  can  recrystallize  a  thin 
amorphous  layer,  but  not  an  amorphous  layer  exceeding  a  certain  critical  thickness,  is  not 
well  understo^.  Recently  published  results,  based  on  high-resolution  TEM  performed  at  the 
interface  of  Se-implantcd  GaAs,  describe  this  process  as  the  creation  of  two  transition 
regions,  one  near  the  surface  and  the  other  at  the  interface  between  the  damaged  region  and 
the  single  crystal,  w  ith  an  amorphous  layer  between  them.  The  different  annealing  behavior 
of  these  two  regions  can  explain  the  regrowth  of  InP  or  GaAs  (Sadana  et  al  1984). 

6.  Conclusions 

The  thresholds  for  amorphi/ation  of  InP  in  terms  of  the  damage  density  deposited  by  the 
nuclear  process,  and  the  fraction  of  lattice  atoms  displaced,  has  been  determined  by  the 
correlation  of  RB,S  tneasurctnents  with  BTE  damage  calculations.  A  limitation  of  SPE  in  InP 
appears  to  be  correlated  with  a  transition  from  a  net  excess  of  interstitials  deep  in  the 
implanted  material  to  net  vacancies  netu  the  surface. 
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Hydrogen  passivation  of  shallow  level  impurities  and  deep  level  defects  in 
GaAs 
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ABSTRACT.  Hydrogen  plasma  exposure  of  GaAs  leads  to  a  near  surface  passivation  of  shallow  donors 
and  shallow  acceptors.  Detailed  results  are  presented  for  the  passivation  depth  of  Si  donors  in  n-GaAs 
as  a  function  of  plasma  exposure  temperature  (100-3S0‘C)  and  Si  dopant  level 
(8*I0'’-I.5xl0“  cm"’).  The  activation  energy  for  recovery  of  the  donor  electrical  activity  is  around 
2.1  eV  for  each  of  the  different  species  (Si,  Se,  S,  Sn,  Te  and  Ge),  but  varies  as  the  strength  of  an  iso¬ 
lated  hydrogen-donor  species  bond.  Chemical  bonding  models  based  on  the  charge  states  of  hydrogen  in 
n-  and  p-type  material  are  proposed  to  account  for  the  deactivation.  Hydrogenation  of  MBE  GaAs  com¬ 
pletely  passivates  the  common  Ml,  M2  and  M4  deep  level  defects,  and  can  increase  room  temperature 
photoluminescence  by  a  factor  of  30.  Thermal  restoration  of  the  carrier  concentration  without  loss  of 
deep  level  passivation  has  been  achieved. 

INTRODUCTION 

The  ability  of  atomic  hydrogen  to  passivate  the  electrical  activity  of  shallow  dondr  (Chevallier  et.  al. 
l98Sa,  Pearton  et.  al.  1986,  Chung  et.  al.  1985)  and  acceptor  (Johnson  et.  al.  1986)  impurities  in  GaAs 
has  recently  been  demonstrated.  Previous  work  has  already  shown  the  feasibility  of  neutralizing  deep 
level  centers  such  as  EL2  present  in  bulk  material  (Lagowski  et.  al.  1982),  and  passivating  impurities 
associated  with  grain  boundaries  in  polycrystalline  GaAs  (Pearton  1982,  Pearton  and  Tavendale  1983). 
In  this  paper  we  detail  microscopic  models  for  the  deactivation  by  hydrogen  of  both  shallow  donors  and 
acceptors,  based  on  evidence  that  suggests  hydrogen  has  a  donor  level  in  the  upper  half  of  the  GaAs 
bandgap.  The  reactivation  kinetics  of  all  of  the  donor  species  have  also  been  determined.  The  effect  of 
hydrogenation  on  the  common  defects  in  Molecular  Beam  Epitaxy  (MBE)  GaAs  is  investigated,  and 
compared  with  that  of  the  shallow  donor  passivation. 

EXPERIMENTAL 

A  wide  variety  of  material  was  used  in  the  passivation  studies.  To  investigate  the  shallow  dopant  deac¬ 
tivation,  samples  of  single  crystal,  Bridgman  grown  GaAs  doped  with  either  Si 
(n  —  8x10'*— 2xl0‘*  cm"^)  or  Zn  (p  -  2x10“— lx  10”  cm"’),  LPE  grown,  undoped  layers 
(n  •  8x10*’  cm"’)  or  Si  doped,  MBE  grown  layers  (n  —  2x10“— 2x10“  cm"’)  on  semi-insulating  sub¬ 
strates  were  used.  The  chemical  dependence  of  the  deactivation  effect  was  determined  from  semi- 
insulating,  Liquid  Encapsulated  Czochralski  (LEO  substrates  implanted  with  Si,  Ge,  Sn,  S,  Se  or  Te 
donors,  or  Be,  Mg,  Zn  or  Cd  acceptors,  and  annealed  at  850*C  for  20  min  under  an  As-H:  ambient  to 
produce  doped  layers  with  peak  carrier  densities  around  3x|0'’  cm"’  for  each  of  the  different  species. 
For  deep  level  studies.  Si-doped  (lx|0“cm"’).  3  «im  thick,  MBE  grown  layers  on  n'^  GaAs  substrates 
were  utilized.  ' 

Hydrogen  or  deuterium  plasma  exposures  were  performed  in  parallel  plate  reactors  operating  either  at 
30  KHz  or  13.56  MHz,  with  power  densities  0.08  and  0.4  Wem"’  respectively.  The  pressure  in  each 
system  was  kept  constant  al  750  mtorr  with  the  samples  held  at  IOO-300'C  for  30-180  minutes  in  the 
plasma.  Deuterium  was  used  to  facilitate  secondary  ion  mass  spectrometry  (SIMS)  measurements. 

Doping  profiles  in  the  samples  were  obtained  by  standard  capacitance-voltage  (C-V)  profiling  using  the 
Schottky  contact.  Deep  level  transient  spectroscopy  (DLTS)  was  performed  in  the  usual  manner  (Lang 
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1974).  The  reactivation  kinetics  of  the  passivated  dopants  or  defects  were  obtained  by  measuring  sam¬ 
ples  isochronally  annealed  (S  min)  in  a  rapid  thermal  annealing  system  to  minimize  rise  and  fall  times. 

RESULTS  AND  DISCUSSION 
SHALLOW  LEVEL  DEACTIVATION 

Figure  I  shows  carrier  concentration  profiles  after  hydrogen  plasma  exposure  of  bulk  samples  with 
initially  uniform  Si  doping  levels.  The  hydrogenation  causes  a  strong  reduction  in  the  carrier  concentra¬ 
tion  in  the  near  surface  region,  with  the  actual  depth  of  this  modification  being  inversely  dependent  on 
the  initial  Si  doping  level  (Chevallier  et.  al.  l98Sa).  At  least  some  of  the  carrier  removal  in  a  thin 
layer  (<S00A)  from  the  surface  may  be  due  to  plasma  bombardment  elTects,  but  from  electrolytic 
hydrogen  insertion  experiments  it  is  clear  that  the  donor  neutralization  at  depths  beyond  this  are  due  to 
the  presence  of  atomic  hydrogen  alone  (Chevallier  et.  al.  l98Sa).  The  passivation  depth  also  varies  as 
the  square  root  of  the  plasma  exposure  time,  indicating  an  indilTusion  process. 

The  shallow  acceptors  in  GaAs  are  also  neutralized  by  association  with  atomic  hydrogen  (Johnson  et.  al. 
1986)  Figure  2  shows  carrier  concentration  profiles  in  bulk,  Zn-doped  material,  before  and  after 
hydrogenation  at  250*C.  Under  our  plasma  conditions  the  passivation  of  donors  is  more  complete  than 
that  of  acceptors,  though  other  workers  see  the  reverse  (Johnson  et.  al.  1986). 
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Figure  1  Carrier  concentration  profiles  Figure  2  Carrier  concentration  profiles 

of  GaAs(Si)  of  three  different  doping  in  GaAs(Zn)  before  and  after  hydroge- 

levels  before  (dotted  line)  and  after  nation  at  250*C  for  0.5h. 

(continuous  line)  hydrogen  plasma 
exposure. 

The  role  of  hydrogen  in  the  passivation  process  is  clear  from  the  SIMS  and  C-V  data  of  Figure  3. 
There  is  a  good  correlation  between  the  incorporation  depth  of  deuterium  and  the  Si  donor  neutraliza¬ 
tion  depth,  obuined  from  successive  chemical  etching,  C-V  measurements  (Chevallier  et.  al.  1985b).  It 
should  be  pointed  out  that  the  net  electrically  active  Si  donor  profiles  under  some  deuteration  conditions 
do  not  always  correlate  well  with  the  total  D  profile,  indicating  that  much  of  thcD  is  stabilized  by  trap¬ 
ping  at  other  sites,  possibly  other  D  atoms,  forming  deuterium  molecules.  We  have  noticed  that  changes 
in  the  plasma  parameters  and  sample  exposure  temperature  can  cause  very  significant  variations  in  both 
the  total  amount  of  deuterium  incorporated  into  the  GaAs,  and  the  efficiency  of  that  deuterium  in  pas¬ 
sivating  the  shallow  dopants. 

The  thermal  stability  of  the  donor  neutralization  was  examined  as  a  function  of  chemical  species.  The 
degree  of  electrical  activity  returning  after  each  anneal  was  measured  by  intergrating  under  the  free  car¬ 
rier  profile,  and  checked  by  comparing  the  sheet  carrier  concentration  of  companion  Hall  samples  as  a 
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function  of  annealing  temperature.  Assuming  the  complex  to  which  the  hydrogen  is  bonded  becomes 
dissociated  at  these  temperatures,  and  that  this  is  the  rate  limiting  step  obeying  first  order  kinetics,  then 
we  can  obtain  the  dissociation  energy  for  each  donor  from  (Pearton  et.  al.  1986) 


Ed  -  kT  /n 


(1) 


where  N/No  is  the  integrated  fraction  of  the  donor-hydrogen  complexes  remaining  after  annealing  for 
time  t  at  temperature  T,  and  v  is  the  dissociation  attempt  frequency.  Figure  4  shows  the  experimental 
data  obtained  after  annealing  the  Si,  Se,  S,  Te,  So  and  Ge  implanted  GaAs.  The  solid  lines  are  gen¬ 
erated  from  equation  (I)  using  an  attempt  frequency  of  10'*s~'  and  dissociation  energies  of  2.1  eV  for 
Si,  2.04  eV  for  Te  and  Sn,  2.13  eV  for  Ge,  2.09  eV  for  Se  and  2.16  eV  for  S  respectively.  Excellent  fits 
to  the  experimental  data  are  seen  in  all  cases,  with  an  uncertainty  in  the  absolute  activation  energies  of 
~-  0.04  eV.  Similar  experiments  on  Zn  doped  material  yielded  Ed  ~  1 .6  eV,  so  the  acceptor  passivation 
is  less  stable  than  that  for  the  donors. 


Figure  3  Carrier  and  deuterium 
profiles  in  GaAs(Si)  deuterated  for 
22. S  or  90  min  at  2S0*C  in  a 
I3.S6  MHz  plasma. 


Figure  4  Reactivation  of  various  donor 
species  in  implanted  hydrogenated 
GaAs.  The  integrated  fraction  of  neu¬ 
tralized  donors  remaining  is  shown 
after  S  min  annealing  of  separate  sam¬ 
ples  at  progressively  higher  tempera¬ 
ture.  The  solid  lines  are  the  expected 
fractions  remaining  calculated  from 
eqn  (I)  assuming  r  —  lO'*  s~'  and  the 
various  Ed  values  indicated. 


SIMS  measurements  on  deuterated  samples  as  a  function  of  annealing  temperature  show  a  rapid  redis¬ 
tribution  of  the  deuterium  around  400 'C  where  the  donor  electrical  activity  is  restored.  However,  little 
deuterium  actually  leaves  the  GaAs  until  heating  near  600'C.  This  argues  for  a  mechanism  in  which 
the  D  is  released  from  the  bond  with  the  donor,  and  diffuses  until  trapped  by  another  impurity  (Pearton 
et.  al.  1986).  This  probably  leads  to  the  formation  of  relatively  stable  [>2  molecules,  i.e. 

(Si-D)-  —  Si*  +  D-  +e- 
D-  -»•  D-  -Dj 
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The  reactivation  data  on  the  donors  gives  some  clues  as  to  the  passivation  mechanism.  In  Figure  5  we 
plot  the  reactivation  energy  for  each  donor  against  the  hydrogen-donor  element  bond  strength  expected 
for  an  isolated  molecule.  The  linear  relationship  suggests  the  donor  neutralization  is  due  to  the  fbrma- 
tion  of  a  H-donor  bond  which  utilizes  the  extra  electron  from  the  donor  (Pearton  et.  al.  1986).  The  pas¬ 
sivation  mechanism  must  obviously  be  different  for  acceptors  —  one  possibility  is  the  formation  of  an 
As-H  bond  for  Ga  site  dopants  like  Zn. 

The  depth  to  which  shallow  impurities  can  be  neutralized  by  atomic  hydrogen 's  of  obvious  interest.  The 
data  in  Figure  6  clearly  show  that  for  Si  doped  material  it  is  a  function  of  donor  concentration,  with  an 
inverse  square  root  dependence.  This  is  indicative  of  a  hydrogen  trapping  mechanism.  The  effective 
neutralization  depth  for  a  given  profile  is  taken  as  the  distance  a*  which  the  free  carrier  concentration 
has  returned  to  within  e~'  of  its  original  value.  The  ordinate  in  Figure  7  has  the  same  dimensions  as  a 
diffusion  coefficient.  From  limited  data  we  obtain  an  activation  energy  of  ~0.S  eV  for  the  lowest  donor 
concentration,  in  reasonable  agreement  with  the  value  estimated  by  Zavada  et.  al.  (I98S)  from  the 
redistribution  of  implanted  H  in  GaAs.  We  should  mention  of  course  that  our  value  is  equivalent  to  the 
activation  energy  for  H  diffusion  only  if  there  is  a  one-to-one  correspondence  between  the  neutralized 
donor  concentration,  and  the  H  concentration,  which  is  not  always  the  case,  as  described  earlier. 


Figure  S  Plot  of  experimenully  deter-  Figure  6  Effective  neutralization  depth 
mined  reactivation  energies  for  each  squared  per  hour  of  H  plasma  exposure 

donor  element  vs.  hydrogen-donor  (30  KHri  plasma  of  Si-doped  GaAs  as 

species  bond  strength  for  each  element.  a  function  of  doping  concentration  and 

The  correlation  suggests  the  donor  neu-  inverse  temperature, 
tralization  is  due  to  the  formation  of  a 
H-donor  bond. 

We  have  also  found  that  the  diffusion  depth  and  total  amount  of  D  evaporated  in  GaAs  during  plasma 
exposure  depends  strongly  on  the  conductivity  type  of  the  surface  (Pearton  et.  al.  unpublished).  Thin 
(0.15  urn)  highly  doped  p*  or  n*  layers  were  formed  on  some  bulk  samples  by  implantation  of  Si  or  Be, 
followed  by  rapid  annealing.  The  inhibiting  effect  of  an  n-layer  on  deuterium  diffusion  in  p-GaAs  is 
shown  in  the  SIMS  profiles  of  Figure  7.  Both  the  depth  and  total  amount  of  D  incorporation  is  reduced 
in  the  n'^p  sample  compared  to  either  a  p'^p  or  a  bulk  p-type  specimen.  The  C-V  profiles  showed  a  fac¬ 
tor  of  2  less  acceptor  removal  in  the  n'''p  sample,  and  a  sh^lower  deactivation  distance  compared  to  the 
p'^p  or  p  samples.  Similar  retardation  by  thin  n'^  layers  it  seen  on  n-type  material. 

PEEP  LEVEL  PASSIVATION  IN  MBE  GaAs 

Lightly  doped  (n  ~  lO”  cm~’)  MBE  grown  GaAs  typically  shows  three  dominant  deep  levels  with 
activation  energies  of  0.17,  0.28  and  0.45  eV,  respectively  below  the  conduction  band  (Lang  et.  al. 
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1976).  These  were  labeled  Ml,  M3  and  M4  respectively  by  Lang  et.  al.  (1976)  Figure  8  shows  the 
DLTS  spectra  from  as-grown  and  hydrogenated (0.5h,  2S0*C)  samples  from  the  same  wafer.  There  is 
complete  passivation  of  the  three  main  levels,  and  partial  passivation  of  a  fourth  feature  at  Ec-0.68  eV. 
The  defect  deactivation  is  stable  to  annealing  at  500 *C,  while  there  is  a  partial  reappearance  of  the  deep 
levels  after  600'C  annealing  (Dautremont-Smith  et.  al.  1986).  It  should  be  noted  that  the  shallow  lev¬ 
els  are  reactivated  at  400'C  (Chevallier  et.  al.  l98Sa,  Pearton  et.  al.  1986).  Thus  there  is  a  wide  tem¬ 
perature  window  within  which  it  is  possible  to  regain  the  carrier  concentration  without  loss  of  passivation 
of  the  deep  level  defects.  The  stability  of  this  passivation  can  be  estimated  in  a  similar  way  to  that 
described  above,  leading  to  a  dissociation  energy  of  —2.9  eV.  This  corresponds  to  a  room  temperature 
lifetime  of  the  defect  passivation  of  10^’  years,  or  200  h  at  a  typical  maximum  device  processing  tem¬ 
perature  of  450 'C. 


Figure  7  SIMS  depth  profiles  of  deu-  Figure  8  DLTS  spectra  from  MBE 
terium  in  p-type  GaAs  (Zn  doped,  GaAs  samples  before  and  after 

3x10“  cm"’)  with  a  thin  p*  or  n*  hydrogenation  (0.5h,  250'C),  and 

layer  on  the  surface.  Deuteration  was  after  post-hydrogenation  annealing 
for  30  min  at  250'C.  treatments  at  500'C  and  600'C 

(DLTS  time  constant  —  8  ms,  fill  pulse 
width  5  ms). 

Hydrogenation  also  gave  rise  to  increased  band-to-band  photoluminescence  (PL)  efficiency.  Room  tem¬ 
perature  increases  of  60-90%  were  recorded  for  n-  and  p-  layers  with  doping  levels  in  the  range 
1—9x10“  cm"’.  In  samples  capped  by  a  thin  AIGaAs  layer,  the  increase  in  RT  PL  yield  was  typically 
300%,  and  at  77K  between  800-1000%,  These  improvements  are  consistent  with  passivation  of  deep  lev¬ 
els  present  in  the  material  at  the  concentrations  deduced  from  the  DLTS  data.  At  these  low  defect 
densities  we  could  not  detect  any  mobility  increase  related  to  the  defect  passivation. 

CONCLUSIONS  AND  SUMMARY 

The  diffusion  behaviour  of  hydrogen  in  GaAs  reveals  key  information  about  iu  charge  states  in  n-  and 
p-type  material,  and  hence  on  the  chemical  reactions  responsible  for  the  impurity  passivation.  While 
hydrogen  diffuses  rapidly  in  both  conductivity  types,  the  diffusivity  is  fatter  by  approximately  a  factor  of 
four  in  p-GaAs  under  our  experimenul  conditions.  Indeed  at  250  X  the  diffusion  distance  of  H  is 
enhanced  by  increased  levels  of  acceptor  doping,  while  being  retarded  for  increased  donor  doping  (Pear- 
ton  et.  al.  unpublished).  The  diffusion  is  also  inhibited  by  the  presence  of  a  thin  n*  region  at  the  surface 
of  n-  or  p-t}rpe  material.  This  is  consistent  with  hydrogen  having  a  donor  level  in  the  upper  half  of  the 
GaAs  bandgap,  as  is  postulated  for  H  in  Si  (Tavendale  et.  al.  1986,  Pantelides  1986). 
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Based  on  this  assumption,  H  is  always  neutral  in  n-type  GaAs,  leading  to  a  significant  amount  of 
molecule  formation  (i.e.  H‘  -f  H*  — *  Hj).  This  means  there  will  be  a  slower  elTective  diffusivity  in  n- 
type  material  because  it  is  widely  accepted  that  the  non-reactive  H2  molecules  are  far  less  mobile  than 
the  atomic  species.  Donor  passivation  will  then  occur  by  a  reaction  of  the  type 

H-  +Si*  +  e-  — (SiH>- 

In  p-type  GaAs,  the  hydrogen  will  be  in  ionized  form  (H‘  +  h*  -•  H*),  inhibiting  molecule  formation. 
The  deactivation  of  acceptors  is  then  due  to  a  compensation  reaction 

H*-t-  Zn-  ^  (ZnH)- 

Obviously  more  direct  investigation  of  the  bonding  reactions  in  both  n-  and  p-GaAs  are  needed,  but  the 
above  model  is  consistent  with  all  of  our  experimental  observations.  In  summary,  we  have  shown  that 
shallow  donors  and  acceptors  in  GaAs  are  passivated  by  association  with  atomic  hydrogen,  as  are  the 
common  deep  level  centers  in  MBE  GaAs.  The  deep  level  passivation  is  considerably  more  stable  than 
that  of  the  shallow  level  impurities,  making  available  a  wide  temperature  window,  within  which  the  car¬ 
rier  concentration  is  restored,  leaving  the  deep  levels  passivated.  The  ability  of  hydrogen  to  modify  the 
carrier  profile  in  the  near  surface  region  of  both  n-  and  p-  GaAs  can  clearly  be  a  factor  when  using  dry 
processing  involving  H2,  or  in  normal  cleaning  procedures  because  hydrogen  is  a  common  constituent  of 
most  semiconductor  reagents. 
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Submicron  processing  of  III  -  V  semiconductors  by  focused  ion  beam 
technology 
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1 .  Introduct ion 

Kabr  lent  ion  of  submicron  devices  is  now  very  important  in  the 
semiconductor  industry.  At  present,  optical  lithography  using  masks 
which  are  made  by  electron-beam  lithography  is  widely  used  for  submicron 
processing.  In  future,  however,  focused-ion  beam  (FIB)  technology  will 
become  an  important  technique  which  will  be  able  to  eliminate  the  mask- 
alignment  process.  The  FIB  technique  can  be  used  for  direct  implantation 
of  various  impurities  into  a  localized  area  in  a  semica)nductor  (Kubena  et 
al,  1981),  submicron  etching  (Ochiai  et  al.  1984)  and  submicron 
lithography  (Seliger  et  al.  1979).  Furthermore,  the  FIB  technique  can  be 
used  to  fabricate  novel  modulated  semiconductor  structures  such  as  a 
surface-nipi  and  a  surface-super latt ice. 

In  this  paper  we  ilemonstrate  various  submicron-processing  techniques  such 
as  fine-line  implantation  and  fabrication  of  modulated  structures  and 
fine  gratings  with  arbitrary  sha|  ,  s. 

2.  FIB  technique 

The  FIB  equipment  used  in  the  experiment  is  JIBI.-IOOI.  made  by  JEOL.  A 
1  i{|U  i  d-me ta  1  i  on- source  of  Au-S  i  -  Be  eutectic  a  1  1  oy  is  used  with  a  mas 5; 
separator,  by  which  both  n-  and  p-type  impurities  can  be  selectively 
implanted.  The  beam  is  focused  to  0.1  pm  diametc^r  and  controlled  by  a 
micro-computer  which  enables  us  to  draw  .any  desired  p.ittern.  The  vacuum  is 
.ibijut  1  X  lO"  Torr  during  implantation. 

To  activate  implanted  species,  rapid  thermal  annealing  (RTA)  (Hiramoto 
et  al.  198'))  is  employed  to  suppress  spreading  of  implants  by  diffusion. 
The  RTA  furnace  is  composed  of  four  halogen  lamps  with  reflecting 
mirrors.  The  heating  rate  and  the  cooling  r.ate  are  100”C/sec  aiul 
10‘'C/sec,  respectively. 

3.  Profile  of  1  i  ne- i  mp  1  iint  ed  impurity 

Understanding  of  a  carrier  profile  induced  by  impurity  implantation  and 
subsequent  annealing  is  very  important  for  practical  usage  of  the  FIB 
technique.  Therefore,  shapes  of  pn- junction  boundaries  were  investigated 
for  various  implantation  and  annealing  conditions  with  scanning-electron 
microscopy  (SE.M)  after  stain-etch.  Although  the  beam  diameter  is  about 
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L  y  •  I?  i  « 


(a) 


(b) 


(c) 


(d) 


Fig.  1  SE  micrographs  of  pn  boundaries  formed 
by  Be  1  i  ne-imp  1  antat  ion  into  n-Ga/.s.  An¬ 
nealing  was  performed  for  (a)  1  sec  (b)  60 
sec  (c)  600  sec  (d)  1800  sec. 


0.1  urn,  it  is  expected  that  the  implanted  species  are  scattered  into  a 
larger  volume  and  also  diffusion  during  annealing  spreads  the  implanted 
impurities.  It  is  also  anticipated  that  the  activation  efficiency  may 
vary  according  to  the  annealing  conditions,  affecting  carrier  profiles. 


Be"'*'  was  1  i  ne- i  mp  1  an  ted  into  Si-doped  horizontal  Bridgman  (HB)  GaAs 
substrates  with  a  carrier  density  of  5  x  10*  cm”'*.  The  implantation 
energy  was  200  keV,  the  line  dose  was  varied  from  3  x  10^  to  1  x  10***  cm”* 
and  the  scanning  rate  was  0.34  cm/sec.  The  wafer  was  annealed  in  the  RTA 
furnace  at  800”C.  The  annealing  time  was  varied  from  1  to  1800  sec. 
During  annealing  As-pressure  was  applied  by  placing  GaAs  powder  in  a 
graphite  boat  (Hiramoto  et  al.  1985). 

For  observation  t>(  pn-junction  boundaries,  the  wafer  was  cleaved  and 
stain-etched  with  HF:ll202 :H.,0  =  1:1:10  under  white  light  illumination. 
I'nder  this  condition  only  the^p-region  is  etched.  The  pn-boundary  appeared 
with  a  clear  contrast  in  SF  micrographs. 

Figure  1  shows  SE  micrograpas  of  pn-boundaries  formed  after  1,  60,  600  and 
1800  sec  anneal  ing.  In  this  case,  the  line-dose  is  1  x  10*  cm”  .  Even 
after  1  sec  annealing  the  pn-boundary  is  spread  laterally  to  1.1  pm  and 
in  depth  to  1.1  urn.  For  longer  annealing  the  lateral  spreading  is 
1.7  pm  (60  sec),  2.3  pm  (600  sec)  and  2.6  pm  (iSOOsec).  Correspondingly, 
the  depth  is  1.3  urn  (60sec),  1.8  pm  (600  sec)  and  1.7  pm  (ISOOsec). 
Apparently,  the  behavior  indicates  anomalousdif  fusion  of  Be  is  taking  place . 

From  a  simple  theory  which  assumes  a  Gaussian  shape  for  the  ion  beam  with 
the  standard  deviation  of  0.05  pm  and  a  simple  diffusion  equation  with  a 
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tomporature  dependent  diffusivity  of  Be 
{D=7.3xlO””exp(-!.2/kT))  (Poltoratski 
and  Stuchebnikov  1966),  the  expected 
pn-boundary  is  calculated  and  shown  in 
Fig.  2.  After  1  sec  annealing  the  peak 
density  of  Be  is  3.1  x  10‘°  cm“^  and 
the  lateral  spreading  and  the  depth  of 
the  pn-  boundary  are  1.2  JJm  and 
0.82,um,  respectively.  In  this  case  the 
discrepancy  between  the  experiment  and 
the  calculation  is  not  large  but  the 
shapes  are  apparently  different.  In 
the  SK  micrograph  a  half-moon  shape  is 
obscM'ved  while  in  theory  an  oval 
shape  is  expected.  Ke  think  that  the 
surface  depletion  region  affected  the 
stain  etching  and  the  upper  half  of  the 
oval  shape  in  Fig.  1(a),  (b)  was 
obsc  ured . 

The  calculation  shows  that  the  peak 
'line  out  rat  i  or.  of  Be  should  become 


shows  the  ..nnoal  profile.  lowc-r  than  the  background  donor  density 

after  annealing  longer  than  600  sec, 
and  Ik'nce  the  pn-junot  ion  should  d  isap'ioar .  However,  in  t  he  ex  per  i  menl ,  a 
pn-junction  still  remains  alter  6ll0.sec  annealing  and  the  pn-boundary 
deviates  largely  from  the  oval  shape.  This  suggests  that  more  acceptors 
are  created  in  the  p-region  or  the  backgrc.)und  donors  are  reduced.  It  was 
lound  that  the  thermal  conversion  near  the  surface  region  was  not 
significant  in  fhe  unimplanted  region.  It  should  be  also  noted  that  the 
observation  of  a  crystal  facet  of  (111)  orientation  (Fig.  1(c))  indicates 
a  preferential  diffusion  taking  place. 


We  have  made  the  similar  experiment  using  an  epitaxial  substrate  where  the 
dopant  is  S.  The  spreading  of  the  pn-boundary  was  much  smaller  than  that  in 
the  case  of  Si-doped  HB  materials,  and  closer  to  the  calculation  which 
considers  the  reduction  of  activation  efficienev. 


The  aforementioned  results  indicate  that  the  anomalous  diffusion  of  Be  is 
dependent  on  the  substrate  quality.  Also  it  is  suggested  that  during 
annealing  Si  might  transfer  from  Ga sites  to  As  sites  to  create  more 
acceptors  in  a  HB  substrate  which  corn  a  i  ns  a  rather  high  density  of  Si. 

4.  Surface  nipi-structure 


A  surface  nipi-structure  is  an  Interesting  form  of  modulated 
semiconductor  .  To  test  the  feasibility  cif  FIR  technique.  Si  and 

Be  were  alternatively  1  i  ne- i rap  1  an t ed  into  sem i - i nsu 1 p t i ng  (SI)  GaAs 
substrates.  The  period  was  changed  from  1  to  4  um.  The  annc'aling  was 
performed  at  800‘’C  for  60  sec.  The’  structure  was  observed  with  elc-ctron- 
beam-induced  current  (EBIC)  mode  and  SK  mode. 


Figure  3(a)  shows  a  SK  micrograph  of  the  nipi-structure  reverse-biased  at 
TV.  The  se'iaratiori  of  the  n  and  p  regions  are  2  pm  in  this  case.  A  black 
region  corresponds  to  n-type  and  a  white  region  to  p-type.  A  clear 
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contrast  in  the  two  regions  is  observed.  Figure  3(b)  shows  an  EBIC  image 
and  a  line  profile.  The  white  region  represents  the  depletion  region.  In 
the  line  profile,  the  lowest  and  the  second  lowest  currents  correspond, 
respectively,  to  p-  and  n-regions.  It  was  found  that  the  perfect  nipi- 
structure  was  fabricated  by  FIB  implantation. 

When  the  separation  of  the  two  regions  is  decreased  to  0,5  pm,  the  contrast  of 
the  EBIC  image  becomes  unclear,  as  shown  in  Fig.  4.  This  is  considered  to 
result  from  the  resolution  limit  of  the  EBIC  technique.  We  conclude  that  a 
nipi-structurewith down  to  0.5  pm  separations  can  be  formed  by  FIB.  To 


Fig.  3  (a)  A  SE  microgragh  of  a 
nipi-structure  reverse-biased  at 
5  V,  The  separation  and  p  and  n 
regions  is  2  pm.  (b)  An  EBIC 
image  and  line  profile. 


realize  a  quantum  effect  in  a  surface 
nipi-structure,  the  separation  must 
be  made  much  smaller.  It  will  be 
possible  to  realize  such  structures 
by  optimizing  implantation  and  an¬ 
nealing  conditions. 


Fig.  4  EBIC  image  and  line  profile 
of  a  nipi-structure.  The  separa¬ 
tion  is  0.5  pm. 
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(a)  (b) 

Fig.  5  SE  micrograghs  of  fine  gratings  fabricated  hy  FIB  i.' 
etching.  Si  line  doses  were  (a)  3.0  x  10'  cm”  (b)  3.5 
4.1  X  10^“  cm"^ 


(c) 

planta 

X  10^ 


tion  and 
cm'^  (c) 


4.  Gratings  with  arbitrary  shapes 


To  produce  a  grating  with  an  arbitrary  shape,  we  applied  enhanced  etching 
of  damaged  regions  induced  by  FIB.  Focused  Si-ions  were  1  i  ne-i  mp 1  an t  ed 
into  a  SI  GaAs  substrate.  When  the  line-dose  is  high  enough,  amorphous 
regions  are  created  (Taguchi  et  al.  1986).  Such  amorphous-regions  cannot 
be  created  by  conventional  S i - imp lant at  ion  (Nakamura  and  Katoda  1984). 
Amorphous  regions  can  be  selectively  etched  with  hut  HC 1  (70°C)  and 
submicron  gratings  were  fabricated  as  shown  in  Fig.  5.  When  a  line-dose 

was  just  above  the  critical 
dose  for  forming  amorphous, 
_  „  the  width  of  the  groove  was 
lO^T,-  about  0.2  pm  i.it’n  a  period 
0.4  pm  (Fie.  5(a)).  The 
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Fig.  6  Dependence  of  critical  dose  for 
formation  of  an  amorphous  region  on 
the  line  dose  and  scan  speed.  The 
width  of  the  groove  is  also  shown. 


width  and  shape  of  grooves 
can  be  varied  by  changing 
the  line-dose  as  shown  in 
Fig.  5(b), (c). 

The  critical  dose  for  forma¬ 
tion  of  an  amorphous  depends 
on  the  scanning  speed  even 
for  the  same  line  dose.  The 
slower  the  scanning  rate, 
the  lower  the  critical  dose 
as  shown  in  Fig.  6.  The 
groove  widti'i  becomes  wider 
for  larger  line-dose.  The 
separation  of  each  groove 
can  be  controlled  with  a  pre¬ 
cision  of  0.1  nm  and  there¬ 
fore  we  can  fabricate,  for 
instance,  a  chirping  grat¬ 
ing. 
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Since  FIB  is  precisely  controlled  by 
computer,  we  can  draw  a  grating  pat¬ 
tern  with  an  arbitrary  shape  on  tar¬ 
get  materials.  As  an  example,  circu¬ 
lar  gratings  were  fabricated  as  shown 
in  Fig.  7.  The  fabrication  process  is 
the  same  as  described  above.  The 
shape  of  the  groove  is,  however, 
different  from  those  in  the  line 
scanned  grating.  The  difference  may 
be  due  to  difference  in  the  line 
dose  and  scanning  speed.  We  can 
also  fabricate  a  Fresnel  lens  by  this 
method.  This  technique  will  find 
various  applications  in  op  to¬ 
ol  ect  ronics. 

a.  Summary 

Submicron  processing  of  III-V  semi¬ 
conductors  by  FIB  was  demonstrated. 

Concentration  profiles  of  Be  line- 
implanted  by  FIB  were  investigated  by 
SF.M.  Anomalous  diffusion  is  found 
to  take  place  after  long  time  anneal¬ 
ing,  suggesting  that  RTA  is  strongly 
required  for  post  annealing.  A  sur¬ 
face  ni pi-st rue ture  was  formed  in  SI  GaAs  by  F13  implantation.  EBIC  observa¬ 
tions  showed  that  anipi-structure  with  0.5  pm  separat i on  was  successf u  1  1  y 
fabricated.  An  enhanced  etching  of  damages  induced  by  FIB  was  applied  to 
form  gratings  with  arbitrary  shapes,  such  as  fine  gratings  with  0.2  pm 
wide  grooves  and  circular  gratings.  These  results  show  the 
feasibility  of  FIB  technology  for  fabricating  various  modulated 
semiconductors  and  optoelectronic  devices. 
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ABSTRACT  :  A  new  self-aligned  technology  for  GaAs/GaAlAs  Heterojunction 
Bipolar  Transistors  is  presented.  Self -alignement  is  obtained  between 
the  emitter  ohmic  contact  and  the  p  type  implantation.  This  technology 
uses  refractory  metals  to  contact  the  emitter  layer,  in  order  to  withs¬ 
tand  the  annealing  process  subsequent  to  the  p  type  implantation,  while 
also  providing  a  mask  for  the  implantation.  Transistors  processed  with 
this  new  technology  exhibit  OC  current  gain  of  25  showing  the  feasibi¬ 
lity  of  the  process. 

1,  INTRODUCTION 

Interest  in  a  self-aligned  processing  technology  has  been  demonstrated  for 
Si  bipolar  applications,  for  it  allows  a  decrease  of  the  parasitic  ele¬ 
ments  by  scaling  down  the  device  dimensions.  In  the  case  of  GaAs/GaAlAs 
heterojunction  bipolar  transistors  (HBT's),  a  self-aligned  technology  is 
expected  to  enable  a  decrease  of  both  the  collector  capacitance  and  the 
base  access  resistance  which  are  the  limiting  parameters  for  high  speed 
operation.  Three  self-aligned  processes  for  HBT's  have  recently  been  re¬ 
ported.  The  first  one  (Fisher  1986)  only  involves  a  self -alignement  bet¬ 
ween  the  emitter  layer  etch  and  the  base  ohmic  contact  deposition  while 
the  others,  which  provide  a  real  self-alignement  between  the  emitter  ohmic 
contact  and  the  p  type  implantation  (Chang  1986)  or  between  the  emitter 
and  base  ohmic  contacts  (Nagata  1985),  are  rather  sophisticated.  This 
paper  describes  a  new  self-aligned  technology  using  refractory 
metals.  A  single  annealing  step  permits  the  formation  of  the 
emitter  ohmic  contact  and  activation  of  the  p-type  implant. 

2,  DEVICE  STRUCTURE 

The  multilayers  are  grown  ty  molecular  beam  epitaxy  (MBE)  or  by  metal  orga¬ 
nic  vapour  phase  epitaxy  (MOVPE)  on  semi -insulating  GaAs  wafers.  The 
structure  (Dubon-Chevallier  1986a)  consists  of  a  0.5  ^m  n  =  5  x  lOis  cm" 3 
collector  contact  layer,  a  0.4  n  =  5x101^  cm"3  collector  layer,  a 
0.15  nm  p  =  5X101®  cm"3  base  layer,  a  0.35  ^m  Alg  px  Gag  rc  As  N  = 
2  lOi'  cm'3  emitter  layer  and  finally  a  0.1  ^  n  =  'foi®  cm'"^J  emitter 
contact  layer.  A  500  A  thick  layer  with  a  grading  in  Al  composition  from 
0.08  to  0.25  is  included  on  both  sides  of  the  emitter  layer. 
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A  schematic  description  of  the  seif  aligned  process  is  shown  in  Fig.  1. 
The  emitter  ohmic  contact  is  deposited  first  and  delineated  using  reactive 
ion  etching.  The  profile  obtained 
after  etching  is  a  T-shape  struc¬ 
ture  where  the  undercut  determi  - 
nes  the  distance  between  the 
emitter  ohmic  contact  and  the  p 
type  implantation.  The  p  type 
implantation  is  then  performed 
with  the  emitter  contact  acting 
as  a  mask.  The  following  B 


annealing  step  forms  the 
ohmic  contact  and  activates 
the  p-type  dopant.  Then  a 
light  wet  etch  is  used  to  re¬ 
move  the  lateral  diode  between 
the  n"*"  cap  layer  and  the  p-type 
implantation.  A  deeper  wet  etch 
is  performed  down  to  the  collec¬ 
tor  layer  for  contacting.  Then  a 
high  energy  B'*’,  implantation 
takes  place  in  order  to  obtain 
electrical  isolation  between  the 
transistors.  AuGeNi/Ag/Au  deli¬ 
neated  by  lift  off  and  annealed 
at  450*C  is  classically  used  for 
the  collector  ohmic  contact, 
while  AuHn  (Dubon-Chevallier  1986 
b)  is  deposited  to  form  the  base 
ohmic  contact. 


C 

C 

SI  SUBSTRATE 


This  processing  technology  is  - 

quite  simple,  does  not  require 

any  critical  registration  and  ^ 

leads  to  a  decrease  of  the  base  - 

access  resistance  and  the  collec-  S.l.  SUBSTRATE 

tor  capacitance. 


3  -  DEVICE  FABRICATION 

To  realize  this  self-aligned 
structure,  new  fabrication  tech¬ 
niques  -refractory  ohmic  contact 
and  reactive  ion  etching  of  the 
contact-have  been  developed. 

The  first  step  is  to  realize  and 
to  optimize  a  refractory  ohmic 
contact  for  the  emitter.  We  have 
investigated  the  feasibility  of  a 
molybdenum  germanide  (GeMo)  ohmic 
contact  which  has  also  been  stu- 


AuHn  B  contKf 


died  by  other  workers  (Tiwari  Fig.  1  :  Schematic  processing  steps  of 
1984).  the  self -aligned  technology. 


Processing 
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150  A  Ge  layer  is  deposited  first  using  e-beam  evaporation  with  a  deposi¬ 
tion  rate  of  10  a/s,  then  a  150  A  Mo  layer  is  RF  sputtered  with  a  deposi¬ 
tion  rate  of  2  A/s.  Two  different  annealing  techniques  have  been  used  to 
optimize  the  contact  resistivity  :  rapid  thermal  annealing  (RTA)  and  clas¬ 
sical  annealing  in  a  sealed  ampoule  under  an  As  overpressure.  It  is  found 
that  when  using  RTA,  the  electrical  behaviour  is  non  ohmic  whatever  the 
annealing  conditions.  In  the  second  case,  an  ohmic  contact  is  obtained. 
Specific  contact  resistivities  as  low  as  3.10‘6  Qcm^  are  obtained  on 
5.1018  cm‘3  doped  samples,  at  the  optimum  annealing  conditions  (800*C,  15 
min).  The  As  overpressure  should  reduce  the  creation  of  As  vacancies  and 
thus  limit  compensation  mechanisms.  Auger  spectroscopy  (AES)  combined  with 


an  ion-beam  sputtering  technique  was 
sion  of  the  different  species. 


SPUTTERING  TIME  (min) 


used  to  analyse  the  in-depth  diffu- 


Fig  2  (a)  Auger  profiles  before  alloying.  Ge  is  deposited  first  followed 
by  Mo.  (b)  Auger  profiles  after  alloying  at  ROO'C  under  an  As  over¬ 
pressure  show  the  interdiffusion  of  Ge  and  Mo  and  the  diffusion  of 
Ge  into  the  GaAs  layer. 

AES  was  conducted  on  as-deposited  (Fig  2-a)  and  annealed  (Fig.  2-b)  sam¬ 
ples.  During  the  heat  treatment,  Ge  and  Mo  interdiffuse  and  the  comparison 
of  the  two  curves  a)  and  b)  proves  a  diffusion  of  Ge  and  Mo  in  GaAs.  A 
light  diffusion  of  Ga  in  the  metallic  film  can  also  be  noted.  There  is  an 
As  accumulation  in  the  metallic  layer,  but  this  may  be  due  to  the  As  over¬ 
pressure.  Before  annealing,  an  important  oxygen  content  is  observed  into 
the  Mo  film  :  oxygen  is  certainly  incorporated  in  the  Ar  plasma.  After 
annealing,  nearly  all  the  oxygen  is  eliminated.  These  results  prove  that 
the  formation  of  the  contact  is  due  both  to  a  n''^  layer  created  at  the 
metal/GaAs  interface  by  Ge  diffusion  and  to  the  formation  of  a  stable 
phase  between  Ge  and  Mo  which  was  identified  as  Mo  Ge  ty  transmission 
electron  microscopy.  Taking  into  account  the  results  sW^ng  the  influence 
of  the  As  overpressure,  contacts  including  As  doped  Ge  instead  of  pure  Ge 
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have  been  investigated  :  preliminary  results  show  that  ohmic  contact  can 
then  be  otbained  without  an  As  overpressure,  which  is  more  convenient  for 
wafer  processing.  However,  the  best  contact  resistivity  obtained  up  to 
now  is  10'^  Qcm'2  which  is  too  high  and  prevent  the  integration  of  this 
step  in  the  HBT  process. 

Etching  of  the  contact  has  also  been  investigated  using  reactive  ion  etch¬ 
ing.  Mo,  Ge  and  U  can  be  etched  selectively  on  GaAs  using  a  SF  plasma 
discharge.  The  first  step  is  to  determine  a  convenient  etchirfg  mask. 
Metallic  films  are  found  to  be  more  suitable  than  photoresist  and  among 
the  metallic  films  Pt  was  found  to  be  the  most  convenient.  In  Fig  3,  the 
etch  rate  is  plotted  as  a  func¬ 
tion  of  pressure  for  GaAs,  W,  Pt  -- — , - , - , - , - , - ^ 

and  photoresist  at  a  power  densi-  "  p  =  sow 

ty  of  0.6  W/cm2.  j^e  etch  rates 

of  GaAs  and  Pt  are  very  low  be- 

cause  GaAs  and  Pt  do  not  form  any  \ 

volatile  compounds.  Morever  \ 

their  etch  rates  become  negligi-  \  /f 

ble  when  the  pressure  increases  _  V  \  /  / 

as  the  sputtering  mechanisms  I  \  / 

disappear.  The  etch  rates  of  W  •<  N.  y' 

and  photoresist  are  relatively  ^ 

high.  At  low  pressure,  the  self  <  no  t  r 

bias  voltage  is  high  and  the  ^  . 

dominant  mechanism  is  ion  assis-  5  L, 

ted  chemically  enhanced  sputter  "  \ 

etching.  When  the  pressure  in-  \ 

creases,  the  sputtering  mechanism  '  \ 

becomes  negligible  and  the  etch  \ 

rate  decreases  to  a  minimum.  At  s^as 

higher  pressure,  the  dominant 

mechanism  is  the  free  radical  ,  i  i 

process.  In  order  to  obtain  a  T-  ”o  20  to  so  eo  100 

shape  profile  two  steps  are  ne-  pressure imti 

cessary.  During  the  first  one  the 
anisotropic  etch,  using  Pt  as  a 
mask,  is  achieved  (fig. 4a).  The 

conditions  are  chosen  to  obtain  Fig  3  :  The  etch  rates  of  W,  pho- 
an  anisotropic  etch  and  also  to  toresist,  Pt  and  GaAs  are 

prevent  GaAs  damage  (p  =  30  mT,  P  plotted  as  a  function  of 

=  0.6  w/cm2).  These  values  lead  pressure  for  a  power  den- 

to  a  self-bias  voltage  of  170  V,  sity  of  0.6  W/cm2 .  pt 

and  the  etching  rates  of  Ge,  Mo  which  does  not  form  any 

and  W  are  respectively  2000  A/Min  volatile  compound  is  a 

1000  A/rain  and  1350  A/min.  During  suitable  mask, 

the  second  step,  the  undercut  of 

the  contact  is  achieved.  The  etch  is  isotropic  that  is  to  say  there  is 
only  a  side  etch,  Pt  being  the  upper  part  of  the  T-sha'pe  structure.  The 
conditions  are  chosen  to  obtain  an  isotropic  etch  and  to  prevent  the 
formation  of  residues  (p=60  mT,  P  =  0.4  W/cm2).  These  values  lead  to  a 
self  bias  voltage  of  50V,  and  the  side  etching  rates  of  Ge,  Mo  and  W  are 
respectively  550  A/min,  450  A/min  and  250  A/min.  The  resulting  profile  is 
shown  in  Fig.  4b. 


The  etch  rates  of  W,  pho¬ 
toresist,  Pt  and  GaAs  are 
plotted  as  a  function  of 
pressure  for  a  power  den¬ 
sity  of  0.6  W/cm2 .  Pt 
which  does  not  form  any 
volatile  compound  is  a 
suitable  mask. 
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4  -  RESULTS 

HBT ' s  structures  have 
been  processed  with 
this  new  self  aligned 
technology  to  prove  the 
feasibility  of  this 
technology.  For  this 
purpose  relatively 
large  area  (SOxSOum^) 
test  transistors  were 
fabricated.  Colti'non 
emitter  characteris  - 
tics  are  shown  in 
Fig. 5.  The  DC  current 
gain  is  25  at  a  col¬ 
lector  current  densi¬ 
ty  of  0.3A/cm2.  Such 
values  are  similar  to 
those  obtained  with  a 
classical  technology. 

Using  the  same  self 
aligned  technology,  it 
is  expected  that,  with 
emitter  dimensions  of 
2x20v4m^,  transition 
frequency  and  maximum 
frequency  as  high  as 
60GHz  and  58GHz  respec¬ 
tively  can  be  obtained. 

CONCLUSION 

A  new  self-aligned  technology  for  GaAs/GaAlAs  HBT's,  which  permits  to 
decrease  the  base  resistance  and  the  collector  capacitance  has  been  pre¬ 
sented.  This  technology  requires  new  fabrication  techniques -refractory 
ohmic  contact,  reactive  ion  etching  of  the  contact-.  HBT's  exhibiting  D.C 
current  gain  of  25  have  been  processed  along  this  new  technology. 
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Abstract .  In  this  paper,  the  microstructure,  electrical  characteristics 
of  sputtered  WAg  and  WAg/W  refractory  metal  films  and  its  interaction 
with  GaAs  at  high  temperature  were  studied.  After  annealing  at  800  C 
for  30  min  the  resistivity  of  WAg  (30  at%)  films  with  thickness  of  40008 
is  18.9uncm,  lower  than  that  of  any  other  reported  refractory  W  alloy 
films  with  similar  thickness.  The  fully  ion-implanted  self-aligned 
GaAs  MESFETs  were  fabricated  by  using  of  40008  WAg/8008  W  metal  gate. 

The  sputtered  WAg/W  double  refractory  metal  films  have  the  advantages 
of  good  thermal  stability,  low  resistance  and  easy  fabrication,  and 
are  of  benefit  to  GaAs  microwave  MESFETs  and  digital  ICs. 

1 .  Introduction 

After  the  first  paper  of  refractory  metal  Ti-W  gate  self-aligned  GaAs 
MESFETs  was  reported  by  Yokoyaraa  et  al  (1981),  the  papers  on  refractory 
metal  WTiSi2,  WSi2,  W,  TaSl2  and  WAl  gate  (Yokoyama  et  al  1981,  Matsumoto 
et  al  1982,  Nakamura  et  al  1983)  were  reported  in  succession.  The  results 
show  that  such  refractory  metal  films  deposited  on  GaAs  have  good  thermal 
stability  and  high  reliability  at  high  temperature,  and  were  used  to  form 
Schottky  contact  in  fullv  ion-implanted  GaAs  digital  ICs  (Yokoyama  et  al 
1983). 

But  the  higher  resistivity  of  these  refractory  metal  films  influences  the 
noise  of  GaAs  MESFETs,  the  speed  and  the  power  consumption  of  digital  GaAs 
ICs,  and  is  still  a  problem  to  be  solved. 

In  this  paper,  the  ralcrostructure,  resistance  of  sputtered  WAg  and  WAg/W 
refractory  metal  films  and  its  interaction  with  GaAs  at  high  temperature 
were  studied.  We  first  confirm  that  WAg  films  are  refractory  metal  with 
the  lowest  resistance,  the  low  resistance  refractory  metal  WAg/W  gate 
self-aligned  GaAs  MESFETs  with  better  performances  were  fabricated. 

2.  Experiments  * 

WAg  films  were  deposited  by  RF  sputtering  on  n-type  GaAs  substrates.  WAg 
target  used  for  sputtering  was  inlaid  by  Ag  in  W,  and  the  purity  of  Ag 
and  W  is  5N  and  4N,  respectively.  Adjusting  the  Ag  area  of  WAg  target  the 
different  compositions  of  WAg  films  were  obtained.  Double  WAg/W  films 
were  sputtered  in  order  of  W  and  WAg,  and  the  W  target  was  hot  pressed 
from  high  purity  W  powder. 

During  sputtering,  high  purity  (99.999%)  Ar  gas  at  the  pressure  of  3x10"^ 
Torr  was  used.  The  typical  RF  power  was  0.5  KW,  substrate  temperature 
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was  less  than  100°C  and  the  deposition  rate  was  400S/min. 

We  observed  and  analysed  the  microstructure  and  compositions  of  WAg  films 
with  high  voltage  transmission  electron  microscope  (TEM) ,  scanning  elec¬ 
tron  microscope  (SEM)  and  electron  probe,  analysed  the  longitudinal  atom 
profiles  of  WAg/GaAs  and  WAg/W/CaAs  interface  with  auger  electron  spectro¬ 
scopy  (AES),  measured  the  sheet  resistance  of  metal  films  with  four-point 
probe,  and  measured  the  thickness  of  metal  films  with  interferential 
microscope  and  Talystep. 

The  substrates  used  for  CaAs  MESFETs  were  EEC  undoped  SI-GaAs  with  crystal 
orientation  of  [1001  and  .10  cm.  The  selective  Si  implantation  at  an 
energy  of  ISO  KeV  to  a  dose  of  3 . 5*1 0' ’em" ’  was  used  to  form  active  layer 
using  photoresist  AZ  1350J  and  Si^N'^  as  a  mask,  then  capless  annealing  at 
800*^0  for  30  min.  The  self-aligned  WAg/W  gate  with  length  of  2um  and 
width  of  40um  was  sputtered  in  order  of  W  and  WAg  on  cooled  CaAs  sub¬ 
strates  and  defined  by  a  lift-off  technique.  The  second  selective  and 
self-aligned  Si^  implantation  was  used  at  energy  of  lOOKeV  and  dose  of 
2*10^ 'em"',  and  annealing  was  carried  out  at  750”c  for  30  min,  Co  form 
the  source  and  drain  n  layer.  The  S  and  D  ohmic  contact  was  formed  by 
alloying  the  evaporated  AuGeSi. 

3.  Results 


3.1  The  compositions  and  microstructure  of  WAg  films 

Fig.l  shtiws  the  re  1  at  ion.ship  between  the  area  ratio  of  ^Ag^^WAg 
target  .and  the  Ag  atomic  percent  in  sputtered  WAg  films  as  measured  by 
electron  probe.  It  is  clear  that  the  SAg/S^Ag  linear  with  Ag  atomic 
percent  in  WAg  film. 

Fig. 2  is  Che  W  and  Ag  atomic  distribution  as  determined  by  line  scanning 
photo  of  electron  probe,  (a)  and  (b)  is  the  V(K  ,)  and  Ag(E  ,)  x-ray  line 
scanning,  respectively,  in  the  same  sample.  Obviously  the  distribution 
is  quite  homogeneous. 

Shown  in  Fig. 3  are  the  TEM  micrographs  and  transmission  electron  diffrac¬ 
tion  patterns  on  the  same  WAg  (30  atZ)  films  befc're  and  after  annealing. 
Before  annealing.  Fig. 3(a),  the  W  and  Ag  are  two  independent  phases,  Che 
Ag  grains  are  oval  in  shape,  about  500a  in  size  and  we  1 1 -d Istributed 
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Fig.  4  Dependence  of  the 
resistivity  of  sputtered  4000X 
W  and  4000S  WAg  (30  at%)  films 
on  annealing  temperature 


Fig.  5  AES  longitudinal 
profiles  of  films  after 
annealing  at  800°C  for  30  min 

(a)  lOOOS  WAg  (30  at%)/GaAs 

(b)  600X  WAg  (30  at%)/800Xw/GaAs 


min  as  determined  by  AES.  The  mutual  diffusion  of  Ag  in  WAg  and  As  in 
GaAs  is  observed  in  interface  of  WAg/GaAs,  Fig. 5(a).  In  this  case,  metal- 
semiconductor  Schottky  barrier  no  longer  exists,  and  a  poor  ohmic  contact 
is  formed.  Inserting  800X  W  layer  between  WAg  and  GaAs,  the  mutual  dif¬ 
fusion  of  Ag  in  WAg  and  As  in  GaAs  are  effectively  prevented.  Fig. 5(b), 
and  the  metal-semiconductor  contact  shows  good  Schottky  barrier  charac¬ 
teristics  with  forward  built-in  voltage  and  reverse  breakdown  voltage  of 
0.7V  and  >4V,  respectively  (see  below). 


3.4  GaAs  MESFETs 

Self-aligned  low  resistance  refractory  metal  4000X  WAg  (30  at%)/800X  W 
gate  GaAs  MESFETs  with  gate  length  of  2ura  and  width  of  40tim  were  success¬ 
fully  fabricated.  Fig. 6  shows  the  I-V  characterisclts  of  GaAs  MESFET 
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Fig.  6  I-V  characteristics  of  WAg/U  gate  self-aligned  GaAs  MESFET 

as  well  as  the  GaAs  Schottky  diode.  The  parameters  of  the  experimental 
devices  are  as  follows:  IpggQ=t5mA,  Vp=-3V  and  g^=140mS/mm. 

4.  Discussion 


The  resistivity  of  refractory  W  alloys  developed  by  Yokoyama  et  al  and 
other  scientists,  whether  U  or  WSi2>  WriSi2  and  WAl  alloy  films  etc., 
applied  to  fabricate  self-aligned  GaAs  MESFETs  are  generally  higher  than 
that  of  pure  W  due  to  the  electron  scattering  resulted  from  lattice 
periodicity  deformation  of  bulk  crystal  by  solute  atoms.  It  is  well  known 
that  W  and  Ag,  solid  or  liquid,  are  mutual  unsoluble,  but  homogeneous  solid 
WAg  mixture  can  be  obtained  by  special  techniques.  Such  is  found  to  be  the 
case  in  sputtered  and  annealed  WAg  (30  at%)  films  as  shown  in  Fig, 2  and  3. 
The  resistivity  of  homogeneous  mixture  alloys,  according  to  Berry  et  al 
(1968),  is  equal  to  an  average-weighted  value  of  resistivity  of  component 
metals.  Ag  is  a  metal  of  the  lowest  resistivity  and  unsoluble  in  W,  we 
can  expect  that  the  resistivity  of  WAg  films  decreases  continuously  with 
increasing  of  Ag  content  in  WAg  films. 

From  Fig. 3,  the  W  appears  as  amorphous  state  in  sputtered  WAg  films,  but 
changes  to  poly-crystal  state  after  annealing  at  S00°C  for  30  min.  Com¬ 
bined  with  Fig. 4,  the  changing  temperature  must  be  over  about  400  C, 
Besides,  only  after  high  temperature  annealing  can  the  stable  and  low 
resistivity  of  WAg  films  be  obtained.  The  resistivity  of  25.1uf)cm  of 
40008  W  fil  ms  determined  in  this  paper  is  higher  than  that  of  S.bpQcm  of 
bulk  W  (Ross  1980)  and  6000X  W  films  (Wilson  and  Terry  1970),  and  lower 
than  that  of  40uncm  of  lOOOS  W  films  (Nakamura  et  al  1983).  The  calcu¬ 
lated  resistivity  of  pure  4000X  Ag  films  using  the  method  developed  by 
Berry  et  al  (1968)  and  the  experimental  data  is  4.4oQcm,  higher  than  that 
of  1.6tincm  of  bulk  Ag  and  6000X  Ag  films  (Ross  1980,  Wilson  and  Terry 
1970).  The  discrepancy  in  resistivity  of  W  materials  may  be  due  to  the 
difference  in  material  thickness  or  existing  residual  amorphous  in  W 
films,  which  results  in  discrepancy  in  resistivity  between  calculated  and 
published  Ag  materials.  The  resistivity  of  WAg  (30  at%)  films  decreases 
to  18.9ur!cm  after  annealing  at  800°C  for  30  min,  and  is  lower  than  that 
of  any  other  published  refractory  W  alloy. 

We  have  tried  to  investigate  higher  Ag  content  WAg  films  with  lower 
resistivity.  But  Che  shrinkage  and  segregation  of  Ag  grains  are  found 
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in  WAg  (50  at%)  films  after  annealing  at  SOO^C  for  30  min. 

For  fabrication  of  refractory  metal-nCaAs  Schottky  barrier  and  self- 
aligned  gate  GaAs  MESFETs  with  better  performances  (Fig. 6),  from  tlie 
result  of  Fig. 5,  it  is  necessary  to  put  a  thin  layer  of  W  films  between 
WAg  and  GaAs  in  order  to  inhabiting  the  mutual  diffusion  of  Ag  and  As, 
which  results  in  poor  device  performances. 

The  WAg  alloys  have  widely  been  used  in  relays  as  a  conducting  contact 
materials,  but  this  is  the  first  time  for  the  sputtered  WAg  (30  atX)  films 
to  be  used  in  fabricating  self-aligned  gate  GaAs  MESFETs  with  better  per¬ 
formances  . 
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Influence  of  the  In  As -Ga  As  miscibility  gap  on  the  In/GaAs  reaction 
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Lawrence  Berkeley  Laboratory,  University  of  California,  Berkeley,  CA  94720 
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07701 

Abstract ■  The  In/GaAs  reaction  in  the  temperature  range  350-650“C  has 
been  studied  by  analytical  and  high  resolution  electron  microscopy  and 
electron  and  x-ray  diffraction.  Histograms  of  the  compositions  of  the 
In^.^GajjAs  precipitates  formed  during  annealing  confirm  the  existence 
of  a  miscibility  gap  in  the  InAs-GaAs  pseudo- binary  system.  Implica¬ 
tions  of  these  results  for  the  fabrication  of  graded  layer  lT\i_yfia^ks/ 
n-GaAs  ohmic  contacts  by  thermal  reaction  are  discussed. 

1 .  Introduction 


Graded  In^.^Ga^^As  layers  on  GaAs  grown  by  molecular  beam  epitaxy  (HBE) 
have  been  shown  to  make  low-resistance  ohmic  contacts  to  n-GaAs  (Woodall 
et  al.  1981).  Woodall  et  al.  argue  that  the  grading  is  necessary  to  smooth 
out  the  conduction  band  discontinuity  so  that  ohmic  conduction  can  occur. 
Previous  Auger  electron  spectroscopy  studies  by  Lakhani  (1984a,  1984b) 
suggest  that  a  graded  heterojunction  (0  <  x  <  1)  can  also 

be  formed  by  heat  treating  thermally-evaporated  indium  films  on  GaAs  sub¬ 
strates  at  350°C.  Recently,  the  interface  structures  and  morphologies  of 
In  on  GaAs  after  annealing  at  350*C  were  investigated  by  Ding  et  al.  (1986) 
using  transmission  electron  microscopy  techniques.  The  result  of  this 
study  demonstrated  the  abrupt  nature  of  the  interface  between  the  GaAs  sub- 
strata  and  the  In^.x^^x^^  islands.  Contrary  to  the  results  of  Lakhani 
(1984a,  1984b),  the  interfaces  were  not  graded.  Further¬ 

more,  only  islands  with  x  <  0.2  or  x  >  0.8  were  observed.  Ding  et 
(1986)  proposed  that  the  absence  of  precipitates  with  0.2  <  x  <  0.8  is 
direct  evidence  for  a  miscibility  gap  in  the  InAs-GaAs  pseudo- binary  sys¬ 
tem  at  3S0*C.  This  interpretation  is  consistent  with  the  calculations  of 
de  Cremoux  ^  al.  (1981)  which  suggest  the  existence  of  a  miscibility  gap 
with  a  critical  temperature  between  500*C  and  700°C  in  the  InAs-  GaAs  sys¬ 
tem.  Other  theoretical  analyses  with  similar  conclusions  were  reported  by 
Stringfellow  (1982)  and  Onabe  (1982).  Quillec  et  al^.  (1982),  grew  a  series 
of  InGaAsP  thin  films  from  the  liquid  phase  on  both  (100)  GaP  and  (100)  InP 
substrates  at  relatively  high  temperatures  (610*C  "  670°C).  The  experi¬ 
mental  results  from  electron  microprobe  analyses  indicated  the  existence  of 
a  miscibility  gap  in  the  InxGaj^.xASyPi.y  system,  supporting  the  previous 
theoretical  results.  The  miscibility  gap  originates  from  an  enthalpy  of 
mixing  which  is  greater  than  the  absolute  temperature  multiplied 

by  the  entropy  of  mixing  (TASg^^x)  tenq>eratures  below  some  critical  tem¬ 
perature,  T^.  Atomistically,  immiscibility  in  a  system  such  as  InAs-GaAs 


314 


Gallium  Arsenide  and  Related  Com/jounds  1986 


implies  that  In  and  Ga  atoms  repel  so  that  a  random  distribution  of  Ga  and 
In  on  the  cation  sites  of  the  zincblende  structure  is  not  energetically 
favorable. 

In  this  paper,  we  extend  our  previous  study  of  the  In/GaAs  reaction  to 
include  the  temperature  range  3SO*C-6SO°C.  Data  obtained  by  electron 
diffraction,  energy  dispersive  x-ray  analysis  (EDS)  and  x-ray  diffraction 
(XRD)  clearly  demonstrate  the  extent  of  the  InAs-GaAs  immlscibility  and 
suggest  a  critical  temperature  between  S75*C  and  650“C. 

2 .  Experiment  and  Data  Analysis  Procedure 

Liquid  encapsulated  Czochralski  (LEO  semi- insulating  wafers  were  prepared 
for  In  deposition  by  an  ultra-high  vacuum  (UHV)  technique  that  was 
described  in  detail  by  Ding  et  al.  (1986).  Following  this  UHV  cleaning 
procedure.  In  was  deposited  onto  the  rotating  substrate  (8RPM)  to  a  thick¬ 
ness  of  57  nm  (~5.7  nm/min.)  at  25”C.  In  order  to  investigate  the  misci¬ 
bility  gap  in  the  pseudo-binary  InAs-GaAs  system,  the  samples  were  divided 
into  four  groups  and  annealed  for  10  minutes  at  3S0°C,  500*C,  575*C  and 
6S0*C  respectively  in  an  atmosphere  of  flowing  forming  gas  (95\  Argon,  51 
Hydrogen) .  Both  cross-sectional  and  plan-view  TEH  samples  were  prepared 
by  standard  techniques  (Sands  1986).  Observations  of  each  sample  were 
made  in  a  scanning  electron  microscope  (SEH),  a  Philips  301  TEM  and  a  JEOL 
200CX  TEH.  Energy  dispersive  x-ray  spectrometry  (EDS)  was  performed  in  a 
Philips  400ST  TEM/STEM,  and  x-ray  diffraction  in  a  Siemens  D500  x-ray  dif¬ 
fractometer.  The  In^.x^a^As  phases  formed  at  the  In/GaAs  interface  after 
annealing  at  the  various  temperatures  were  identified  by  electron  diffrac¬ 
tion  analysis  and  energy  dispersive  x-ray  spectra.  Since  the  ternary 
Inj^.^a^As  phases  exhibit  a  linear  dependence  of  lattice  spacing  with  com¬ 
position  (Woolley  ^  1958),  i.e.,  they  obey  Vegard's  law,  the  composi¬ 

tions  of  the  precipitates  studied  can  be  determined  by  electron  diffraction 
analysis,  especially  for  In-rich  In^.^GexAs  precipitates.  Due  to  the  over¬ 
lap  of  diffraction  spots  from  GaAs  and  Ga-rich  In^.^Ga^As,  the  estimation 
of  composition  by  electron  diffraction  was  not  straightforward  for  x  ~1. 
Instead,  the  compositions  of  these  Ga-rich  precipitates  were  estimated  by 
applying  the  EDS  technique  to  cross-sectional  samples.  The  EDS  spectra 
were  quantitatively  analyzed  by  determining  the  proportionality  factors 
Kx/y  which  relate  the  height  ratios  Hx/Hy  of  the  x-ray  peaks  (proportional 
to  the  total  counts  or  intensities)  to  the  concentration  ratios  [X]/iyi  of 
the  elements  X,Y.  The  relationship  between  the  concentration  ratio  and 
the  peak  height  ratio  is  expressed  as: 

IX1/[Y1  =  Kx/y  .  Hx/Hy 

where  the  proportionality  factor  K^a/gj  relates  the  heights  of  the  Ga  and 
As  Ka  peaks  in  spectra  taken  from  the  adjacent  GaAs  substrate.  The  value 
of  X  in  the  Inj^.^Ga^As  is  then  given  by  the  ratio  [X]/[Y]  determined  from 
spectra  taken  from  the  Ini_xGax*®  precipitate. 

3.  Results 


The  interface  morphology  of  the  In/GaAs  sample  after  annealing  at  350*C 
for  10  minutes  is  depicted  in  Fig.  1.  The  two  beam  bright  field  TEH  image 
is  shown  in  Fig.  la.  A  thin  film  of  indium  oxide  can  be  seen  to  cover  the 
reacted  island.  This  precipitated  phase  has  been  identified  structurally 
by  electron  diffraction  analysis  and  compositionally  by  energy  dispersive 
spectrometry.  The  EDS  spectra  from  the  island  A  and  the  substrate  B 
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Fig.  1.  (a)  HRTEM  image  of 
the  annealed  oxide-free 
sample.  The  misfit  disloca¬ 
tions  can  be  seen  at  the 
Interface.  The  Indium  oxide 
shell  appears  on  the  surface 
of  the  Inj^.^a^As  phase. 
Quantitative  mlcroanalysls 
of  the  energy  dispersive 
x-ray  spectrum  A  Indicates 
the  patch  A  to  have  the  com¬ 
position  of  Ino_()2Gao  9gAs. 

(b)  Diffraction  pattern  taken 
from  the  island  A  and  the 
substrate  B  shows  only  the 
reflections  from  the  GaAs 
[Oil]  zone  axis  orientation. 

(c)  Lattice  image  of  a  misfit 
dislocation  (arrowed  in  (a)) 
at  the  Interface. 


(shown  above  the  Image)  yield  a  composition  of  In0 . 02*'*0 . 98^^ 

Ga-rlch  ternary  phase  with  the  zlncblende  structure.  The  diffraction 
pattern  from  the  Interface  region  shown  In  Fig.  lb  Indicates  that  It  Is 
almost  Impossible  to  distinguish  the  diffraction  spots  of  this  ternary 
phase  from  those  of  the  GaAs  substrate  because  of  the  small  concentration 
of  Indium  In  this  epitaxial  Island.  The  high  resolution  lattice  Image  In 
Fig.  Ic  reveals  the  detailed  Interface  morphology.  A  misfit  dislocation 
can  be  seen  at  the  Interface  due  to  the  mismatch  (0.16%)  between  the  Ga- 
rich  ternary  phase  Ing  02^^0.98*^  GaAs  substrate.  Another  example 

of  a  precipitate  from  the  same  sample  Is  shown  In  the  cross-sectional  high 
resolution  micrograph  In  Fig.  2.  The  misfit  dislocations  and  molrd  fringes 
appear  at  the  Interface,  where  they  result  from  the  two  distinct  lattice 
parameters  of  the  epitaxial  Island  and  the  GaAs  substrate.  This  indicates 
that  the  Interface  Is  abrupt,  l.e.,  no  graded  In^.x^ayAs  layer  exists  at 
the  Interface.  Based  on  Vegard's  law,  the  epitaxial  Island  was  Identified 
from  the  diffraction  analysis  to  be  the  In-rlch  ternary  phase  Ino  9Ga0,2As. 
The  EDS  data  also  confirm  that  the  Island  Is  In-rlch  In^.x^a^As.  Precipi¬ 
tates  with  compositions  (0.2  <  x  <  0.8)  were  not  observed. 

According  to  the  theoretical  calculations  of  de  Cremoux  et  (1981),  a 
miscibility  gap  exists  In  the  InAs-GaAs  pseudo-binary  system  with  a  crit¬ 
ical  temperature  between  500*C  and  700*C.  To  Investigate 'the  effect  of 
Immlsclbllity  on  the  In/GaAs  reaction,  a  statistical  study  was  performed 
by  annealing  the  In/GaAs  samples  at  3S0*C,  500*C,  575*C  and  6S0*C.  Sev¬ 
eral  cross-sectional  specimens  from  each  sample  were  investigated  by  TEH 
and  STEM.  The  distributions  of  precipitate  compositions  were  determined 
by  electron  diffraction  and  EOS  analyses.  As  can  be  seen  In  Fig.  3,  three 
histograms  from  three  different  annealing  temperatures  reveal  the  extent 
of  Immlsclbllity  In  this  system.  It  Is  also  clear  from  the  histograms 
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Fig.  2.  Hlsh  resolution  Imas*  of  the 
annealed  erosa-sectlonai  oxide-free 
sample.  The  misfit  dislocations  and 
the  molrd  fringes  Indicate  an  abrupt 
interface.  Inset  diffraction  pattern 
was  taken  from  the  region  including 
the  reacted  patch  A  and  the  substrate 
B.  The  patch  A  was  estimated  to  be 
InQ  qGao  ^As  by  diffraction  analysis. 

The  energy  dispersive  x-ray  spectra 
obtained  from  the  patch  A  and  the  sub¬ 
strate  B  are  also  shown  to  identify 
the  patch  as  In^.x^a^As. 

that  the  critical  temperature  (i.e.,  the  temperature  above  which  InAs  and 
GaAs  are  completely  miscible)  is  between  500*C  and  650*C.  This  miscibility 
gap  in  the  InAs-GaAs  pseudo-binary  system  was  also  revealed  experimentally 
by  x-ray  dif f ractometry .  The  x-ray  results  from  this  system  are  shown  in 
Fig.  4.  Slow  traces  of  the  400  peaks  of  the  GaAs  substrate  and  Ini_xGa,(As 
(0  <  X  <  1)  precipitates  were  obtained  by  employing  CuKa  radiation  in  an 
x-ray  diffractometer.  When  compared  with  the  spectrum  from  the  as-depos¬ 
ited  sample,  the  spectrum  from  the  sample  annealed  at  350°C  shows  an  addi¬ 
tional  peak  corresponding  to  In-rich  In^.^CaxAs  and  a  shoulder  on  the  GaAs 
400  peak  corresponding  to  Ga- rich  Inj.^Ga^As.  This  result  is  in  agreement 
with  EDS  and  electron  diffraction  data  in  Fig.  3.  As  the  annealing  tem¬ 
perature  is  increased,  the  In-rich  In]^_x*'‘x^^  peak  shifts  toward  the 
direction  of  increasing  Ga  content  (i.e.,  increasing  x).  The  diffraction 
peak  from  th-s  In-rich  In^.^Ga^As  ternary  phase  peak  merges  with  the  Ga-rich 
shoulder  at  6S0*C,  suggesting  that  the  critical  temperature  is  close  to 
6S0*C.  Furthermore,  it  is  apparent  from  the  broad  Gn-rich  shoulder  in  the 
x-ray  data  that  significant  interdiffusion  is  taking  place  at  650*C. 


Fig.  3.  Histograms  of  the 
numbers  of  the  Inx-xCax^s 
precipitates  with  respect  to 
composition  x  from  the  three 
samples  annealed  at  the  dif¬ 
ferent  temperatures  (350*C, 
500*C  and  650»C) . 
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Fig.  4.  Slow  trace  XRD  patterns  of  the  400  re¬ 
flections  of  as-deposited  In  on  (100)  GaAs,  and 
after  annealing  for  10  minutes  at  3S0*C,  500°C, 
57S*C  and  6S0*C,  respectively  (ChiKa  radiation). 
Each  trace  is  compared  with  the  trace  from  the 
as-deposited  sample  (broken  line). 


4 .  Discussion 

The  assumption  is  that  the  system  rapidly 
approaches  equilibrium.  The  observation  that 
there  is  extensive  reaction  even  at  tempera¬ 
tures  as  low  as  350*C  excludes  solid  state 
interdiffusion  between  In  and  Ga  as  the  reac¬ 
tion  mechanism  for  temperatures  <6S0*C.  This 
is  in  agreement  with  a  previous  study  (Ding 
et  al .  1986)  where  the  reaction  involving  the 
dissolution  of  Ga  and  As  into  the  molten  In 
(melting  T~156*)  and  the  subsequent  precipita¬ 
tion  of  In^.x^^x^^  discussed.  In  the 
reaction  of  the  form 

In(()  +  GaAs  ->  InxGai_x(f)  +  In^.^CaxAs, 

the  presence  of  a  liquid  phase  ensured  that 
mixing  was  rapid  and  that  the  final  states  of 
the  system,  after  annealing  is  close  to 
equilibrium. 


Such  a  reaction  can  be  qualitatively  understood  by  reference  to  a  hypo¬ 
thetical  isothermal  section  of  the  In-Ga-As  phase  diagram  for  'I  <  T(. 

(Fig.  S).  From  this  schematic  diagram,  it  is  apparent  that  When  a  limited 
amount  of  GaAs  is  involved  in  the  reaction,  as  many  as  three  phases,  namely 
In-Ga(  O ,  In-rich  In^.^CaxA-s  and  Ga-rich  Inj^.^Ga^As  can  result.  We  propose 
that  in  the  initial  stages  of  the  reaction,  Ga  and  As  are  dissolved  into 
the  molten  In  so  that  the  average  composition  of  the  system  remains  on  the 


vertical  line  connecting  In  and  GaAs. 

In 


As  more  Ga  and  As  are  incorporated 


Fig.  5.  Schematic  isothermal  sec¬ 
tions  of  In-Ga-As  phase  diagram  at 
a  temperature  below  T^.  Assuming 
no  loss  of  arsenic  during  anneal¬ 
ing,  the  average  composition  of  the 
system  remains  on  the  vertical 
dashed  line. 
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into  the  molten  material,  i.e.,  as  the  molten  In-Ga-As  becomes  supersatu¬ 
rated  in  Ga  and  As,  the  driving  force  for  nucleation  increases.  Nucleation 
of  In]^_xGa](As  occurs  at  some  time  during  the  annealing  treatment,  most 
likely  during  cooling.  The  compositions  of  the  phases  formed  depend  on  the 
degree  of  supersaturation  at  the  time  of  nucleation.  Misfit  dislocations 
trare  observed  only  at  the  Inj^.^Ga^As/GaAs  interface  and  no  diffraction  spot 
streaking  (indicative  of  compositional  grading)  was  detected.  These  obser¬ 
vations  suggest  that  once  a  precipitate  is  nucleated,  it  continues  to  grow 
at  the  same  composition.  The  strain  energy  or  dislocation  energy  associ¬ 
ated  with  spatial  variations  in  composition  will  inhibit  compositional 
grading. 

S .  Cone lusion 

The  experimental  results  described  in  this  paper  provide  direct  evidence 
for  the  existence  of  a  miscibility  gap  in  the  InAs-GaAs  pseudo-binary  sys¬ 
tem.  It  follows  that  the  formation  of  graded  In^.x^Sx^^  (0  <  x  <  1)  layers 
by  thermal  reaction  of  In  on  GaAs  is  not  possible  under  furnace  annealing 
conditions  (slow  heating  and  cooling)  unless  the  annealing  temperature  is 
above  the  critical  temperature,  estimated  in  this  study  to  be  between  575*C 
and  6S0*C.  If  a  graded  layer  is  Indeed  necessary  to  form  a  low-resistance 
In-base  ohmic  contact  to  n-GaAs  (i.e.  to  smooth  out  the  InAs-GaAs  conduc¬ 
tion  band  discontinuity),  our  results  suggest  that  fabrication  of  graded 
Ini.xG^x^s/GaAs  ohmic  contacts  by  thermal  reaction  must  involve  annealing 
at  temperatures  above  the  critical  temperature.  Observation  of  ohmic  con¬ 
duction  in  In/GaAs  samples  annealed  at  temperatures  significantly  below 
Tc  (Lakhani  1984a,  1984b)  can  only  be  attributed  to  other  mechanisms  such 
as  thermionic-field  emission  at  small  diameter  protrusions  in  the 
In]^_x^axAs/OaAs  interface  (see  Fig.  2). 
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Observation  of  coupled  states  in  AIGaAs/GaAs  coupled  quantum  well 
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1  .  Introduction 


AlGaAs/GaAs  quantum  well  structures  have  been  extensively  studied  for 
their  potential  device  applications.  However,  the  intrinsic  simplicity  of 
a  square  quantum  well  (SQW)  does  not  provide  much  of  the  needed  flexibi¬ 
lity  for  the  task  of  engineering.  More  complicated  structures  offer  this 
advantage.  One  class  of  structures  that  has  attracted  a  great  deal  of  in¬ 
terest  is  coupled  quantum  wells  (CQW)  (Dingle,  1975;  Delalande  et  al  1984; 
Kawai  et  al  1985;  Yariv  et  al  1985;  Austin  et  al  1986).  While  theoretical 
speculation  on  these  structures  is  abundant,  their  experimental  realiza¬ 
tion  remains  scarce.  In  this  work,  evidence  of  QW  coupling  in  AlGaAs/GaAs 
heterostructures  is  presented.  The  main  evidence  consists  of  the  observa¬ 
tion  of  confined  excitonic  states  via  conventional  optical  spectroscopy. 

In  the  presence  of  an  externally  applied  electric  field,  these  states  ex¬ 
hibit  behavior  that  is  markedly  different  from  those  of  SQWs ,  and  is  con¬ 
sistent  with  a  CQW  model. 

2.  Experiment 


The  term  coupled  quantum  well  can  be  generically  used  to  refer  to  any  en¬ 
semble  of  local  QWs  whose  quantized  state  wavef unct ions  extend  throughout 
the  ensemble  rather  than  being  strongly  localized.  The  CQW  model  reported 
here  consists  of  two  SQWs  of  the  same  potential  depth,  separated  by  a  thin 
potential  barrier.  Two  samples  grown  by  MBE  are  studied.  Sample  1,  as  de¬ 
picted  in  the  inset  of  Fig.  1,  consists  of  a  synnnetric  CQW  structure. 
Sample  2,  depicted  in  Fig.  3,  is  asymmetric  and  narrower.  It  is  grown  in 
a  p-i-n  structure  to  facilitate  the  study  of  the  Stark  effect.  The 
ability  to  engineer  large  asymmetries  is  one  of  the  advantages  of  CQW. 

The  experimental  techniques  employed  are  photoluminescence  and  lumines¬ 
cence-excitation  spectroscopy.  The  principal  .neasured  quantities  are  the 
energy  levels  of  various  optical  excitonic  states  as  a  function  of  the 
Stark  perturbation.  A  more  qualitative  observation,  buc  still  useful  for 
the  study  of  CQW  is  the  oscillator  strengths  of  these  states.  In  the  ef¬ 
fective  mass  approximation  (FMA),  the  oscillator  strength  of  an  approxi¬ 
mately  two-dimensional  excitonic  state  is  proportional  to 

\'f2n^0)\^IZpiz)Zh(z)dz  ,  (1) 

where  Zg(z)  and  Z[,(z)  are,  respectively,  the  quantum  veil  envelope 
wavefiinct  ions  of  the  electron  in  the  conduction  band  ;  nd  the  hole  in  the 


*This  work  was  sponsored  by  the  Department  of  the  Air  Force. 


320 


Gallium  .-1  rsenide  and  Related  C ompoimds  1986 


Fi)2.  1  ralo'il.^tPd  k'on  f  i  n^’mont 

enorny  vs  separat  ion  b«»tw»’on 
('QW  snhwells.  insets 

show  a  cliaKram  of  sample  I, 
and  the  oaU-tilated  eleetr»>n 
wavefnncC  ions  .  The  well 
depth  is  1 '50  meV  . 


Fig.  2  (a)  and  (b)  Luminescence  spectra 
from  sample  a;  (c)  and  (d)  excitation 
spectra.  Peaks  are  identified  according 
to  the  model  in  Fig.  1,  Splitting  of  e- 
l»‘0tron  coupled  states  is  evidenced  in 
fh«»  two  lowest  energy  peaks.  Inset  f(c’) 
aiul  (dM]  show  typical  excitation  spectra 
of  SOWs. 


valence  hand,  in  the  well  normal  dimension;  excitonic 

wavefunction  in  the  other  two  dimensions.  In  expression  (1),  the  term 
most  relevant  to  the  study  of  CQW  is  the  inner  product  of  Zp(z)  and 
Z^(z).  Selection  rules  for  this  prodtict  consist  of  nodal  quantum  number 
conservation  and  paritv  const'rvat  ion .  Nodal  number  selection,  referred  to 
as  the  An  selection  rule,  allows  transitions  only  between  states  with  the 
same  number  of  nodes  in  the  wavef unct ion .  However,  due  to  the  intrinsic 
differences  in  the  effective  mass  and  the  band  potential  profile  seen  by 
the  electron  and  the  hole  for  the  AlGa.As/GaAs  system,  the  An  selection 
rule  is  not  absolute.  For  structures  without  reflection  symmetry,  there 
is  no  parity  selection  rule,  and  practically  all  transitions  are  allowed. 


3.  Results  and  Discussion 


The  main  result  from  the  symmetric  CQW  sample  is  the  observation  of  a  set 
of  closely  spaced  excitonic  Mnes  in  the  excitation  spe'',tra,  shown  in 
Fig.  2.  Traces  (a)  and  (b)  are  the  himinescence  spectra;  traces  (c)  and 
(d)  are  the  excitation  spectra  with  luminescence  monitored  at  two  differ¬ 
ent  energies.  The  inset  of  Fig.  2  [traces  (c*)  and  (d’)l  shows  typical 
excitation  spectra  for  a  SQW  structure  whose  width  is  about  the  same  as 
that  of  the  wells  in  the  CQW.  In  (c')  and  (d*),  only  the  heavy  hole  and 
the  light  hole  exciton  are  observed.  The  spectral  richness  of  traces 
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GaAs  SUBSTRATE  - 

AND  BUFFER 


0  B  p'  AlGaAs  SL- 

0  1  '  AIq  jGdQ  gAs  -  _  ^ 


1 1  nm  GaAs  —  '  , 

2  nm  AIq  2GaQ  gAs 
7  5  nm  GaAs  - 

0  1  Mm  1  AIq  jGbq  gAs 

0  35  Mm  n*  AlGaAs  SC 


(a) 


(b) 

Fig.  3  Sample  2  diagram. 
Drawing  is  not  to  the  scale. 


(c)  and  (d)  demonstrates  the  difference  between  the  number  of  optical 
states  in  CQW  and  SQWs .  Interpretation  of  this  result  is  provided  in 
Fig.  1,  in  which  the  energy  levels  of  pairs  of  opposite  parity  in  the  con¬ 
duction  band  and  the  valence  band  are  calculated  as  a  function  of  the  sep¬ 
aration  between  two  SQW  structures.  The  electron  wavefunct ions  for  the 
two  lowest  levels  are  calculated  and  shown  in  the  inset  to  give  a  quali¬ 
tative  idea  of  the  extent  of  the  coupling.  According  to  these  calcula¬ 
tions,  various  peaks  labeled  in  Fig.  2  (c)  and  (d>  correspond  to  various 
parity-allowed  excitonic  recomb inat ions .  The  superscripts  S  and  A  refer 
to  the  synmetric  and  the  antisymmetric  character,  respectively.  Qualita¬ 
tively,  the  observed  level  splittings  of  a  few  meV  agree  with  the  calcu¬ 
lated  electron  and  light  hole  energy  splittings.  The  dimensions  used  in 
the  model  are  estimates  derived  from  the  known  MBF  growth-rate. 


Unlike  sample  I,  where  the  heavy  hole  remains  strongly  localized  resulting 
in  small  energy  splittings,  the  dimensions  of  the  CQW  in  sample  2  are  re¬ 
duced  (Fig,  3)  to  force  the  heavy  hole  to  assume  a  larger  kinetic  energy, 
and  thus  to  penetrate  more  readily  through  the  center  barrier.  Asymmetry 
is  also  introduced  to  provide  a  mechanism  for  the  first  order  Stark  ef¬ 
fect.  Luminescence-excitation  spectra  from  sample  2  are  shown  in  Fig.  4. 
The  absolute  intensities  of  various  traces  are  not  on  the  same  scale.  The 
labels  on  the  right  vertical  axis  indicate  the  voltage  applied  to  the 
p-i-n  structure  [Fig.  3  (b)I.  The  labels  follow  the  same  vertical  order 
as  the  traces.  The  label  "open"  indicates  the  absence  of  external  cir¬ 
cuitry.  The  traces  labeled  from  0  V  to  4  V  on  the  left-hand  side  are 
luminescence  spectra.  The  energy  p^isitions  of  various  peaks  are  plotted 
vs  bias  voltage  in  Fig,  5. 


The  most  salient  features  of  the  spectra  in  Fig.  4,  besides  the  abundance 
of  spectral  lines,  are  the  crossings  of  two  or  more  levels,  the  positive 
energy  shift  of  some  levels  and  the  overall  sensitivity  ^,f  the  spectra 
with  respect  to  applied  bias.  These  features  are  uncharacteristic  of 
SQWs,  but  readily  understood  with  a  CQW  model.  The  spectral  richness  is  a 
result  of  the  increase  of  states  and  the  relaxation  of  An  and  parity  se¬ 
lection  rules.  The  sensitivity  to  the  Stark  perturbation,  as  seen  in 
Fig.  4,  where  the  spectrum  markedly  changes  its  profile  for  bias  voltages 
between  0  and  0.25  V,  directly  reflects  the  electric  susceptibility  of  the 
CQW  extended  wavefunct ions .  Not  only  do  the  peak  positions  shift,  but  the 
oscillator  strengths  also  vary  greatly.  Th«*  calculated  results  for  the 
CQW  model  are  presented  in  Figs,  b  and  7.  In  Fig.  6,  the  levels  of  vari¬ 
ous  electron-hole  pairs  are  plotted  vs  field.  Curves  (a),  (b),  (c),  (d) 
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Fig.  4  Excitation  and  luminescence  spectra  for  different  bias  voltages. 
Traces  marked  from  0  V  to  4  V  are  luminescence  spectra.  All  others  are 
excitation  spectra.  Right  vertical  labels  denote  the  applied  voltages, 
arranged  in  the  same  vertical  order  as  the  associated  traces. 

and  (e)  correspond  to  (e|,hj),  (ej,h2),  (e2»hj),  (e2,h2) 
and  (ej,lj),  respectively,  where  e,  h  and  1  denote  electron,  heavy 
hole  and  light  hole  states;  subscripts  1  and  2  refer  to  the  lowest  and  the 
next  lowest  energy  levels.  These  levels  account  for  the  experimental  re¬ 
sults.  Since  applied  voltage  is  the  experimental  parameter  while  the  cal¬ 
culations  are  based  on  electric  field,  direct  comparison  between  experi¬ 
ment  and  theory  is  not  possible.  However,  this  can  bo  done  by  assuming  a 
linear  relationship  between  the  two  parameters.  It  is  important  to  keep 
in  mind  that  this  relationship  is  only  approximate.  In  fact,  there  is  a 
large  leakage  current  for  biases  greater  than  5  V.  Also,  due  to  the  p-i-n 
diode  structure,  there  exists  a  large  internal  field  at  0  V  bias;  and  when 
the  bias  is  negative,  the  internal  field  is  only  slightly  reduced.  The 
dotted  vertical  line  in  Fig.  6  is  the  best  theoretir,al  estimate  of  the  in¬ 
ternal  field  that  corresponds  to  0  V  bias.  From  the  theory,  two  experi¬ 
mental  features  can  be  understood.  Transitions  (ej,h2)  and  (e2,hj) 
where  An  conservation  is  strongly  violated,  become  allowed  as  a  result  of 
both  CQW  structural  asymmetry  and  odd-parity  Stark  perturbation.  Second, 
the  upward  energy  shift  of  the  (ej,h2)  transition  [curve  (b)|  reflects 
the  presence  of  both  the  linear  and  quadratic  Stark  effect. 
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Fig.  5  Observed  peak  shift  vs 
applied  voltage.  Different 
symbols  are  used  to  help 
distinguish  well-traced 
peaks . 


SLECTR.C  FIELD  |10*V  cm) 


Fig.  h  Calculated  Stark  shift 
of  CQW  states.  Traces  (a),(b), 
(c),  (d)  and  (e)  correspond  to 
tran.s  it  ions  (ej  ,hj  ) , 

(e| ,h2 ) »  (^2  » ^ » 

(e2  ,h2 )  and  (e|  ,  1  j )  ♦ 
respect ivel y . 


Although  luminescence-excitation  in  this  work  does  not  provide  an  absolute 
measurement,  or  even  an  accurate  relative  measurement,  of  the  oscillator 
strengths,  the  relative  intensities  of  various  lines  provide  useful  in¬ 
sight  for  a  qualitative  understanding  of  the  CQW  model.  The  calculated 
inner  products  of  the  CQW  wavefunct ions  in  Fq.  (I)  for  4  transitions, 
(ej,hj),  (ej,h2),  (e2,hj)  and  (e2ih2),  are  shown  in  Fig. 

7,  labeled  (a),  (b),  (c)  and  (d),  respectively.  The  calculated  wave- 
functions  at  different  Stark  fields  are  shown  in  Fig.  8.  Qualitatively, 
these  results  are  consistent  with  experiment.  In  particular,  the  maximum 
of  (b)  in  Fig.  7  at  a  field  close  to  I  x  10^  V/cm  offers  an  explanation 
for  the  observed  strong  line  at  about  1560  meV  (Fig.  4)  for  the  bias  range 
from  0  to  1.5  V.  This  non-monotonic  behavior  characterizes  CQW.  At  low 
fields  (Fig.  8  (a)]  e|  and  h2  occupy  opposite  ends  of  wells  with 
little  spatial  overlap  (An  is  well  conserved).  As  the  field  increases, 
they  first  move  toward  each  other,  and  achieve  maximum  spatial  overlap 
(Fig.  8  (b)J;  at  higher  fields,  they  again  become  spatially  separated 
[Fig.  8  (d)].  This  type  of  wavefunction  modulation  underscores  the 
potential  of  CQW  as  device  structures. 


4.  Conclusions 


Luminescence-excitation  spectroscopy  of  the  Stark  effect  on  excitonic 
states  in  AlGaAs/GaAs  heterostructures  evidences  the  realization  of  CQW 
structures.  The  observed  spectral  richness,  the  upward  energy  shifts,  and 
the  level  crossings  are  radically  different  from  the  monotonic  behavior 
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associated  with  SQWs .  The  interpretation  is  based  on  an  approximate 
theory,  in  which  the  subtle  differences  in  excitonic  binding  energies  of 
various  states  with  different  CQW  envelope  vavefunctions  are  ignored,  and 
the  hole  3/2-spinor  is  approximated  with  two  scalar  particles.  Despite 
the  approximations,  major  features  of  the  experimental  results  are  ac¬ 
counted  for. 

We  thank  B.  E.  Burke  and  V.  Diadiuk  for  valuable  collaboration,  B.  Lax  for 
stimulating  discussion,  R.  C.  Hancock  and  L.  J.  Belanger  for  valuable 
assistance,  and  G.  D.  Johnson  for  the  critical  processing  of  the  samples. 
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Fig.  7  Calculated  relative  oscillator 
strength  of  CQW  states  vs  electric 
field.  Traces  (a),  (b),  ^c)  and  (d> 
correspond  to  the  same  transitions 
labeled  in  Fig.  6. 
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Fig.  8  Calculated  CQW  vavefunctions  for  the  two  lowest  energy  states  of 
the  electron  and  the  heavy  hole.  (a),  (b),  (c)  and  (d)  correspond  to 
fields  of  0,  I,  1.5  and  4  x  10^  V/cm.  The  wavefunction  baselines  do  not 
correspond  to  the  energy  of  the  state  with  respect  to  the  COW. 
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Abstract ■  We  report  measurements  of  the  diamagnetic  shifts  of  heavy  and 
light-hole  excitons  as  a  function  of  the  well  size  and  the  magnetic  field 
in  KBE  grown  GaAs-AlGaAs  mult i-quantum-wcll  (MQW)  structures  using  high 
resolution  optical  spectroscopy  at  liquid  helium  temperatures.  The  ap¬ 
plied  field  is  parallel  to  the  plane  of  the  MQW  structures.  We  have 
also  determined  the  variation  of  the  effective  g-valucs  of  the  heavy 
and  rile  light-holes  as  a  function  of  the  well  size. 


1 .  Introduction 

The  study  of  the  properties  of  excitons  in  quantum  well  structures  has 
attracted  a  great  deal  of  interest  in  the  last  few  years.  Recently 
several  groups  iliann  et  al.  1984,  Tarucha  et  al.  1984,  Mlura  et  al. 

1985,  Ossau  et  al.  1985,  Sakaki  et  al ,  1985)  have  investigated  the 
behavior  of  both  the  heavy-hole  and  the  light-hole  excitons  in 
GaAs-AlGaAs  multi-quantum-well  fMQW)  structures  in  the  presence  of  a 
magnetic  field.  In  all  these  studies  the  magnetic  field  is  applied 
perpendicular  to  the  plane  of  the  MQW  structures.  However,  in  one  of 
these  Investigations  (Sakaki  et  al.  1985),  the  field  is  also  applied 
parallel  to  the  plane  of  the  structures.  From  these  measurements  they 
determine  the  variations  of  the  ground-state  energies  of  these  excitons 
(from  hereon  referred  to  as  diamagnetic  shift)  as  a  function  of  the 
magnetic  field.  Sakaki,  et  al.  (1985)  have  determined  the  diamagnetic 
shifts  of  heavy-hole  excitons  in  GaAs-Al^^  70^®  structures  with 

different  well  sizes  using  photoluminescence  spectroscopy.  In  their 
experiments  they  apply  the  magnetic  field  both  perpendicular  aiid 
parallel  to  the  plane  of  the  MQW  structure  and  measure  the  diamagnetic 
shifts  in  both  field  configurations.  In  all  of  these  measurements  the 
widths  of  the  excitonic  transitions  are  typically  2-3  meV  or  more  for 
lOOA  GaAs  quantum  wells.  The  magnetic  field  measurements  have  all  been 
made  at  relatively  high  magnetic  fields.'  Since  one  can  observe  sharp 
line  structure  from  MQW  systems  in  both  photoluminescencc  (PL)  and 
reflection  spectra,  (Reynolds  et  al.  (1985),  Reynolds  et  al.  (1986)),  it 
is  possible  to  investigate  Che  magneto-optical  properties  of  these 
systems  at  relatively  low  magnetic  fields  (0-36kG) .  In  this  study,  we 
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have  investigated  the  diamagnetic  shift  of  both  the  light  hole  and  heavy 
hole  free  excitons  as  a  function  of  magnetic  field,  with  the  field 
applied  parallel  to  the  MQW  layers.  The  diamagnetic  shift  of  the  light 
hole  free  excitons  with  the  magnetic  field  oriented  in  this  direction 
has  not  previously  been  measured.  The  diamagnetic  shift  of  the  light 
and  heavy  hole  free  excitons  was  also  determined  as  a  function  of  well 
size.  The  quadratic  dependence  of  the  diamagnetic  shift  as  a  function 
of  magnetic  field  was  observed,  while  a  nearly  linear  variation  in 
diamagnetic  shift  with  well  size  was  observed.  The  binding  energies  of 
both  the  heavy-hole  and  the  light-hole  excitons  in  a  GaAs  quantum  well 
as  a  function  of  well  size  in  the  presence  of  an  arbitrary  magnetic 
field  applied  parallel  to  the  plane  of  the  quantum  well  structure  have 
recently  been  calculated  by  Greene  and  Baja^  (unpublished).  The 
variational  approach  was  used  in  these  calculations.  The  experimentally 
measured  results  of  this  experiment  are  compared  with  the  above 
calculation. 

The  light  and  heavy  hole  g-values  were  determined  for  the  first  time  for 
different  well  sizes.  To  determine  the  hole  g-values  it  was  assumed 
that  the  electron  g-value  remained  constant  and  essentially  the  same  as 
in  bulk  GaAs.  The  observation  of  the  magnetic  field  splitting  of  the 
excltonic  transitions  was  possible  because  of  the  very  narrow  line 
widths  associated  with  these  transitions. 

2.  Growth  Conditions  The  MQW  structures  used  in  this  investigation 
were  grown  on  (100)  oriented  Si-doped  GaAs  substrates  by  molecular  beam 
epitaxy.  The  substrates  were  prepared  and  loaded  in  the  growth  chamber 
as  previously  described  (Sum  et  al.  198A) .  The  MQW  structures  were  grown 
at  bOOje.  A  five  period  superlattice  consisting  of  20A  Al  25^®o  75*® 
and  20A  GaAs  was  grown  between  the  substrate  and  a  0.5A*thlck  GaAs^ 
buffer  layer  on  which  the  MQW  structure  was  then  grown.  This  structure 
produced  MQWs  with  excellent  optical  properties. 

3.  Experimental  Technique 

The  experimental  apparatus  employed  in  this  investigation  permitted 
high-resolution  photoluminescence  and  reflection  measurements  to  be 
performed  at  2K  and  in  magnetic  fields  up  to  36  kG.  In  the  intrinsic 
region  of  GaAs  a  dispersion  of  0,54  A/ram  was  achieved  using  a  4-meter 
spectrometer.  Data  were  collected  on  Kodak-type  1-N  spectrographlc 
plates.  The  photoluminescence  was  excited  with  the  647 1-A  line  of  a 
Krypton  ion  laser;  for  reflection  the  bread  spectrum  of  a  Zr-lamp  was 
used. 

4.  Experimental  Results  and  Discussion 

The  samples  used  in  this  study  were  MQW  structures  which  consisted  of 
Ga.  jirAl  25*®  barrier  layers„of  thickness  lOOA  and  GaAs  well  thickness 
of  90,  135,  180,  300,  and  400A.  The  total  number  ef  cycles  in  the  400 
and  300A  thick  MQW, samples  was  20,  whereas  the  180A  sample  had  33  cycles 
and  the  135  and  90A  MQWs  had  50  cycles.  The  light-hole  free  exciton 
transitions  were  observed  in  PL  in  only  the  widest  wells,  the  heavy-hole 
free  exciton  transitions  were  seen  in  photoluminescence  for  all  of  the 
MQW  structures.  The  reflection  spectra  were  observed  for  both  the 
light-  and  the  heavy-hole  free  excitons  for  all  of  the  MQWs.  A  typical 
reflection  spectra  for  both  the  light  and  heavy  hole  free  excitons  at 
zero  magnetic  field  and  at  an  applied  field  of  31kG  is  shown  in  Fig.  1, 
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Some  of  the  lines  are  extremely  narrow,  no  more  than  0.05  meV  full  width 
at  half  maximum  IFWHM).  The  line  structure  is  observed  over  an  energy 


Fig.  1.  Reflection  spectr#  lor  both  the  light  and  heavy  hole  free 
excitons  in  a  MQW  “  135A  at  h  =  O  and  H  =  31  kC. 

spread  corresponding  to  a  well  size  fluctuation  of  about  two  monolayers. 
The  heavy  hole  free  excitons  show  a  shift  to  higher  energy  with  very 
little  splitting  when  the  magnetic  field  is  applied.  The  light  hole 
free  excitons  show  a  much  smaller  shift  in  energy  with  magnetic  field 
however,  they  show  a  larger  magnetic  field  splitting. 

Similar  experiments  with  different  well  sizes  show  that  the  diamagnetic 
shift  increases  as  the  well  size  increases  for  both  tlie  light  and  heavy 
hole  excitons.  It  was  also  observed  chat  the  magnetic  field  splitting 
of  the  heavy  hole  exclton  was  smaller  as  the  well  size  decreased  while 
the  magnetic  field  splitting  of  the  light  hole  exclton  was  larger  as  the 
well  size  decreased.  Variations  of  the  diamagnetic  shifts  for  both  the 
light-  and  the  heavy-hole  free  excitons  as  a  function  of  well  size  for  a 
magnetic  field  of  36  kG  are  shown  in  Fig.  2.  A  nearly  linear 
relationship  is  observed,  with  the  heavy-hole  exciton  having  a 
considerably  larger  diamagnetic  shift  than  the  light-hole  exciton.  Also 
plotted  in  Fig.  2  is  the  variation  of  the  diamagnetic  shift  of  the  two 
exciton  systems  as  a  function  of  the  well  size  as  calculated  by  Greene 
and  Bajaj  (unpublished)  using  Luttlnger  valence  band  parameters  proposed 
by  Skolnick  et  al.  (1976)  from  their  cyclotron  resonance  studies. 

Though  the  theory  predicts  the  correct  trends,  namely  the  diamagnetic 
shift  of  the  heavy-hole  exclton  is  larger  then  that  of  the  light-hole 
exclton  and  that  the  diamagnetic  shifts  of  both  excitons  Increase  with 
well  size,  the  theoretlsal  values  are  considerably  larger  than  the 
measured  ones.  For  135A  MQW  structure  our  measured  value  of  the 
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diamagnetic  slilft  of  the  heavy-hole  excltons  at  36kG  agrees  with  the  one 
determined  by  Sakakl  et  al.  (1985)  It  Is  not  clear  why  the  theoretical 
values  are  considerably  larger  than  the  experimental  values.  In  their 
variational  calculation  ot  the  diamagnetic  shift  Greene  and  Bajaj 


Fig,  2.  Variation  of  the  diamagnetic  shift  of  light-hole  exclton  (solid 
line  (a),  experiment,  dashed  line  (d) ,  theory),  and  heavy-hole  exciton 
(solid  line  (b) ,  experiment,  and  dashed  line  (c),  theory)  as  a  function 
of  well  size  at  a  magnetic  field  of  3b  kG.  Solid  lines  drawn  through 
the  experimental  points  are  just  aids  to  the  eye. 

(unpublished)  have  assumed  that  the  heavy-hole  and  the  light-hole  bands 
are  completely  decoupled.  Recently,  Sanders  and  Chang  (1985)  and  brlodo 
and  Sham  (unpublished)  have  calculated  the  exciton  binding  energies  as  a 
function  of  the  well  size  using  valence  band  mixing  at  zero  magnetic 
field,  both  these  groups  find  that  for  the  range  of  the  well  sizes  used 
in  the  present  work  the  binding  energies  are  slightly  larger  than  those 
calculated  assuming  decoupled  bands.  It  is  therefore  highly  unlikely 
that  the  diamagnetic  shifts  calculated  using  valence  band  mixing  will  be 
significantly  different  from  those  calculated  using  decoupled  bands. 
Sakakl  et  al.(1985)  have  also  measured  the  diamagnetic  shift  of  the 
heavy-hole  excitons  in  GaAs-Ai^  ^As  MQW  structures  for  the  case  of 

a  magnetic  field  applied  perpendicular  to  the  plane  of  the  structure. 
They  find  that  fur  a  given  value  of  the  well  size  and  magnetic  field  the 
value  of  the  diamagnetic  shift  for  the  perpendicular  field  case  is  about 
three  times  larger  than  that  for  the  parallel  field  case.  Their  values 
of  the  diamagnetic  shifts  agree  rather  well  with  those  calculated  by 
Greene  and  bajaj  (1985)  for  the  perpendicular  field  case.  Fur  the  case 
of  parallel  field  Greene  and  Bajaj  (unpublished)  calculate  diamagnetic 
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shifts  which  are  only  twenty  to  thirty-percent  smaller  than  those 
calculated  for  the  perpendicular  field  lor  the  ran^e  of  well  widths 
considered  in  tlje  present  study. 

We  have  determined  the  variation  of  the  ^-values  of  the  heavy-  and  the 
light-holes  as  a  function  ot  well  size  and  display  it  in  Fig,  3,  We 
have  assumed  that  the  magnetic  field  splittings  of  Che  free  excitons  in 
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Fig,  3.  The  light-  and  heavy-hole  g-values  as  a  function  of  well 
thickness  for  a  fixed  magnetic  field  of  36  kG. 

hiQW  structures  are  analogous  to  those  in  bulk  semiconductors  with 
nondegenerate  valence  bands  (i.e.  il-Vl  semiconductors  with  wurtzite 
structure)  where  the  light-hole  free  exciton  splits  as  the  sum  of  the 
electron  and  hole  g  values  and  the  heavy  hole  free  exciton  splits  as 
their  difference.  Assuming  that  the  g-value  of  the  electron  is  the  same 
in  the  quantum  wells  as  in  bulk  GaAs  (  0.5)  the  g-values  of  the  holes 
are  determined  from  the  magnetic  field  splittings.  It  is  noted  that  the 
g-value  of  the  light-hole  approaches  the  GaAs  bulk  value  as  the  wells 
get  wider#  Theoretical  models  are  not  available  to  compare  the 
experiment  with  at  this  time. 

5.  Concluding  Remarks 

We  have  measured  the  diamagnetic  shifts  of  heavy-and  light-hole  excitons 
as  a  function  of  well  size  and  magnetic  field  in  GaAs-AlGaAs 
multi-quantum-well  structures  using  high  resolution  optical 
spectroscopy.  The  applied  magnetic  field  is  parallel  to  the  plane  of 
the  MQW  structures.  Some  of  the  transitions  have  linewldths  as  small  as 
0.05  meV,  For  the  range  of  magnetic  fields  (0-36kG)  studied  the 
diamagnetic  shift  varies  quadratically  with  the  field  and  for  a  given 
value  ot  the  field,  varies  linearly  with  the  well  size.  We  have  also 
determined  the  variation  of  the  effective  g-values  of  the  heavy-and 
light-holes  as  a  function  ot  the  well  size.  We  have  compared  the  values 
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of  the  diamagnetic  shifts  we  measure  with  those  determined  by  Sakakl  et 
al.  (1985)  and  with  the  results  of  a  variational  calculations  (Greene 
and  Bajaji  unpublished).  We  find  that  our  results  agree  with  those  of 
Sakakl  et  al.  (1985)  but  are  considerably  smaller  than  those  predicted 
by  theory. 
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Abstract.  To  explain  transport  data  in  unipolar  superlattice  diode 
structures  it  is  necessary  to  assume  that,  for  a  sufficiently  short 
period,  AlAs/GaAs  superlattices  have  an  indirect  bandgap.  By  using 
appropriately  designed  superlattices  grown  by  molecular  beam  epitaxy, 
the  superlattice  r  band  is  moved  sufficiently  far  above  the  X  bands 
that  luminescence  from  these  bands  is  clearly  observed  for  the  first 
time. 


1 .  Introduction 


In  this  paper  we  report  the  first  unambiguous  demonstration  of 
photoluminescence  from  an  X  derived  ground  state  in  a  series  of  GaAs/AlAs 
and  GaAs/InAlAs  superlattices.  In  previous  studies  the  only  evidence  for 
indirect  GaAs/AlAs  superlattices  is  derived  from  absorption  spectra  of 
(GaAs).  (AlAs).  and  (GaAs),(AlAs),  superlattices  (van  der  Ziel  1977) 
although  pressure  induced^transitions  have  been  observed  in  GaAs/AlGaAs 
superlattices  at  pressures  of  18  kbar  (Wolford  1986).  Our  investigation 
was  motivated  by  the  fact  that  earlier  photoluminescence  studies  (Wang 
1986,  Okamoto  1985)  provided  no  clear  evidence  for  an  X  derived  ground 
state  in  thin  layer  superlattices  although  assuming  such  a  ground  state 
was  crucial  to  the  interpretation  of  transport  data  for  n-type  unipolar 
superlattice  barrier  diodes  (Drummond  et  al.  19814).  The  diode  data  also 
implies  that  an  entirely  new  type  of  band  structure  may  be  achieved,  i.e., 
the  bulk  ellipsoidal  X  minima  with  their  long  axis  parallel  to  the 
superlattice  axis  are  folded  into  an  essentially  cylindrical  energy 
surface.  This  implies  that  the  ground  state  cannot  be  clearly  classified 
as  being  either  direct  or  indirect  and  has  a  nearly  infinite  mass  along 
the  superlattice  axis. 


2.  Experimental 

Superlattices  of  GaAs/In  Al,  As  with  x  <  0.006  were  grown  by  molecular 
beam  epitaxy  in  a  Varian’^MBE  360.  Growth  rates  were  0.8  p/i/hr  for  GaAs 
and  0.3  ym/hr  for  AlAs  and  the  growth  temperature  for  the  superlattice  was 
565°C.  Shiall  amounts  of  In  were  in  some  cases  added  to  the  AlAs  layer 
under  the  assumption  that  it  would  help  maintain  a  smooth  surface  during 
the  growth  of  the  AlAs.  We  have  noted  in  the  past  that  clear  (3x1)  HEED 
(high  energy  electron  diffraction)  patterns  were  more  easily  obtained 
during  the  growth  of  thick  AlAs  layers  when  a  small  In  flux  was  incident 
on  the  surface.  The  superlattices  were  nominally  0.5  ym  thick  and  the  top 
0.3  yra  were  Si  doped,  in  the  GaAs  layers  only,  to  a  level  of  1  x  10'°/cm^. 


©  1987  lOP  Publishing  Ltd 


332 


Gallium  Arsenide  and  Related  Compounds  1986 


Specific  superlattioe  parameters  used  in  the  theoretical  analysis  were 
derived  from  an  x-ray  analysis  using  a  double  crystal  diffractometer. 
Table  I  lists  individual  layer  thicknesses  for  the  GaAs  layers.  L  ,  and 
the  InAlAs  layers,  in  nm  and  the  nearest  integer  number  of  monolayers 

(monolayer  is  approximately  0.283  nm  for  either  material).  Table  I  also 
gives  the  percent  In  in  the  AlAs  layers  as  determined  from  the  x-ray 
analysis  and  the  percent  perpendicular  strain  in  the  AlAs  layers. 


SAMPLE  1 

LJam/fol) 

X  la 

xsnuiN 

149 

1.3/5 

3,4/12 

0 

0.20 

ISO 

0.9/3 

3.6/13 

0.2 

0.23 

182 

1.3/5 

3.8/13 

0.3 

0.24 

tsi 

1.0/4 

3.8/13 

0.6 

0.27 

EIUU>B 

0.5/2 

0.5/2 

0.1 

0.01 

Table  I  GaAs  layer  thickness, 
AlAs  layer  thickness,  L^, 
percent  In  in  the  AlAs  l.ayers 
and  percent  strain  in  the  AlAs 
layers.  Layer  thicknesses  are 
given  in  both  nm  and  nearest 
integer  numoer  of  monolayers 
(ml ) . 
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Fig.  1  Photoluminescence  response 
of  1149  at  IIK. 


Luminescence  measurements  were  made  at  9  and  il  K  in  a  system  capable  of 
applying  both  hydrostatic  pressure  and  high  magnetic  fields  (Jones  et  al. 
1985).  Figure  1  shows  the  zero  pressure,  zero  magnetic  field  luminescence 
response  from  sample  1 1)9  at  ti  K.  This  sample  is  a  GaAs/AlAs  superlattioe 
with  no  In  in  the  AlAs  layers.  For  all  samples  in  this  study  (1149-151, 
182),  the  superlattice  peak  energy  fell  in  the  range  1798-1809  meV  and  the 
full  width  at  half  maximum  (FWHM)  was  10-12  meV.  In  all  oases  the 
intensity  of  the  superlattice  peak  relative  to  the  substrate  peak  more 
than  doubled  with  the  incorporation  of  In.  This  was  the  only  observable 
effect  of  the  In.  No  new  features  or  energetic  shifts  were  detectable. 
However,  because  the  FWHM  did  not  decrease  as  the  intensity  increased  the 
difference  may  be  a  bulk  effect  (Beneking  et  al.  1985)  with  the 
interfacial  quality  being  controlled  by  the  GaAs  layers  (Singh  and  Bajaj 
1985). 


In  Figure  1  there  are  five  significant  peaks  in  addition  to  the  broad 
peak  spanning  the  interval  1600  to  1700  meV.  The  dominant  peak  is 
assigned  to  transitions  associated  with  the  on  axis  X  minima  quantized 
according  to  the  longitudinal  mass  and  designated  The  two  low  energy 

peaks  I^  and  I^  are  thought  to  be  due  to  impurities.  Because  the  GaAs 
layers  are  doped  with  Si,  it  is  very  likely  that  one  peak. may  be  a  donor- 
related  transition.  Another  candidate  for  an  impurity  related  transition 
is  carbon.  A  carbon-related  impurity  peak  is  clearly  seen  on  the  low 
energy  side  of  the  substrate  peak.  More  sophisticated  experiments  are 
required  to  positively  identify  the  origin  of  I^  and  I  .  In  addition  to 
the  problem  of  identifying  the  responsible  impurity,  the  X  bands  are 
expected  to  give  rise  to  impurity  levels  which  may  lie  within  the 
superlattice  bandgap.  Two  weak  features  above  the  main  superlattice  peak 
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are  Indicated  but  not  labeled.  They  are  possibly  due  to  impurity  related 
transitions  to  a  light  hole  valence  band  state. 

To  demonstrate  that  the  observed  photoluminescence  features  are 
transitions  derived  from  the  bulk  X  point  conduction  band  minima, 
photoluminesoence  spectra  were  recorded 
with  3.5  kbar  of  hydrostatic  pressure 
applied  and  also  with  up  to  65  kG 
magnetic  field  applied  perpendicular  to 
the  super  lattice.  Figure  2  shows 
spectra  from  sample  182  at  zero  pressure 
(bottom)  and  under  3.5  kbar  pressure 
(top).  We  see  that  the  substrate  peak 
has  shifted  upward  In  energy  at  a  rate 
of  12.7  meV/kbar  and  that  the 
superlattice  peaks  shift  downward  in 
energy  at  a  rate  of  2  meV/kbar.  For 
GaAs  the  pressure  dependences  of  the 
principle  conduction  band  minima  are 
12.6  meV/kbar  for  r,  5.5  meV/kbar  for  L 
and  -1.5  meV/kbar  for  X  (Blakemore 
1986).  Because  AlAs  is  similar  to  GaP 
in  ordering  of  the  conduction  band 
minima  as  well  as  bandgap  energies,  the 
pressure  dependence  of  the  X  point  in 
AlAs  should  be  approximately  -2. A 
meV/kbar.  Thus,  the  pressure  dependence 
of  the  superlattice  peaks  are 
characteristically  negative  and  the 
exact  value  of  the  derivative  is 
bracketed  by  the  values  associated  with 
the  two  binary  constituents  of  the 
super  lattice.  Finally,  we  found  that 
application  of  a  magnetic  field  had  no 
effect  on  the  energy  of  the  peak  X^^. 

This  is  consistent  with  the  large 
effective  mass  of  an  X-drived  state. 

3.  Theoretical 

The  photoluminescence  spectra  were  analyzed  by  both  a  Kronig-Penney  (KP) 
method  and  a  tight -binding  (TB)  method.  These  spectra  depend  primarily  on 
band  structure  and  dipole  matrix  elements.  The  KP  technique  was  used  to 
obtain  the  band  offset  from  the  experimental  peak  positions.  An  important 
consideration  is  the  accuracy  of  the  KP  method  near  the  f-X  crossover.  At 
present  there  is  no  analytic  approximation  which  allows  for  coupling 
between  direct  and  indirect  conduction  bands.  The  superlaj-tice  TB  method 
was  used  to  assess  the  degree  of  band  mixing  at  the  r-X  crossover.  It  was 
also  used  to  estimate  the  dependence  of  the  luminescence  intensity  on 
GaAs/AlAs  layer  thickness  ratio. 

The  KP  method  employed  here  allows  for  different  effective  masses  in  the 
binary  constituents  of  the  superlattice  (Bastard  1981)  and  all  Inputs  to 
the  KP  model  listed  in  Table  11  for  T  =  0  K  are  drawn  from  the  current 
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Fig.  2  Photolurai nescence 
response  of  182  at  UK, 
at  atmospheric  pressure  and 
under  3.5  kbar  of 
pressure. 
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literature  references  as  discussed  elsewhere  (HJalmarson  and  Drummond). 
Temperature  dependences  for  the  r  and  X  bandgaps  as  well  as  for  the  r 
point  effective  electron  and  light  hole  masses  are  also  incorporated  into 
the  model.  The  only  adjustable  parameter  is  the  heterojunotion  band 
alignment. 


The  TB  superlattice  method  (HJalmarson 
and  Drummond)  utilizes  an  sp^s  method 
which  has  been  extensively  applied  to 
semiconductor,  semiconductor  alloy, 
semiconductor  Interface,  and 
semiconductor  superlattice  problems 
(Vogl  et  al.  1983).  The  Hamiltonian 
H(k,g)  depends  on  the  individual 
Hamiltonians  for  layers  m  and  n  as  well 
as  the  band  edge  discontinuity  between  m 
and  n.  Each  semiconductor  Hamiltonian 
has  its  matrix  elements  adjusted  such 
that  the  zero  of  energy  occurs  at  the 
valence  band  edge.  Accordingly,  the 
superlattice  Hamiltonian  is  merely 
shifted  by  the  valence  band  discontinuity. 


i'(«) 

“r 

CftA* 

1.S19 

1.081 

0.067 

1.2 

0.27 

0.51 

AUa 

3.14S 

2.250 

0.150 

1.1 

0.10 

_ 1 

0.75 

Table  II  Input  parameters 
to  the  Kronig-Penney  cal¬ 
culation.  Bandgap  energies 
for  AlAs  assume  free- 
exciton  energies  for  r  and 
X  to  be  the  same  as  in  GaP. 


The  dipole  matrix  elements  for  optical  transitions  depend  on  the 
wavefunotlons  and  the  atomic  dipole  matrix  elements.  The  dipole  matrix 
elements  were  approximated  in  terras  of  the  overlap  of  the  wavefunctions. 

To  this  end,  the  projection  operator, 

P  “  lla(R,x)><a(R,s) I 
R 

was  used  to  pick  out  the  overlap  of  the  s  and  p  orbitals  for  the  parallel 
polarized  light  used  in  the  experiment.  In  the*remainder  of  this  paper  we 
will  refer  to  matrix  elements  of  P  as  dipole  matrix  elements. 

9.  Discussion 


Having  used  x-ray  analysis  to  determine  GaAs  and  AlAs  layer  thicknesses  in 
our  superlattices,  the  KP  method  was  used  to  obtain  the  band  offset  by 
fitting  the  data.  The  convention  of  aligning  the  direct  bandgaps  with  a 
fraction  a  of  the  bandgap  energy  difference  appearing  in  the  conduction 
band  was  used  in  the  KP  calculation.  Positions  of  the  longitudinal  X^, 
the  transverse  X  ,  and  the  T  superlattice  bandgaps  were  calculated  as'^'a 
function  of  o  for  a  (CaAs)^! AlAs)„  superlattice  at  IIK.  By  this 
analysis,  we  find  that  a  =^0.63  ±  8.005  in  excellent  agreement  with  other 
recent  studies  (Wilson  1986).  This  sets  a  lower  limit  on  the  value  of  a 
as  the  main  PL  peak  la  likely  an  excltonic  transition  and  thus  the  actual 
bandgap  may  be  10  to  50  meV  larger. 

Having  determined  an  offset  rule  of  63/37,  KP  theory  is  used  to  compute 
the  bandgap  of  a  (GaAs)  (AlAs)  super  lattice  in  which  ra  ■*  n  =  18.  Figure 
3  shows  the  bandgap  as  a  funct?on  of  superlattioe  composition  varying  from 
GaAs  (n  -  0)  the  AlAs  (n  •  18).  The  enhanced  nonlinearity  for  these 
superlattice  alloys  (SLAs)  is  due  to  the  shift  of  the  conduction  band 
ground  state  from  the  GaAs  to  the  AlAs  layers  with  the  r-X  crossing  while 
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the  valence  band  states  remain  localized  in  the  CaAs  layers.  To  further 
understand  the  data,  the  TB  bandstructure  and  projection  operator  matrix 
elements  as  a  function  of  the  number  of  AlAs  layers  is  shown  in  Figure 
For  this  case,  the  superlattice  period  is  again  m  +  n  -  18.  The  TB 
bandgap  agrees  with  the  KP  bandgap  to  within  0.05  eV.  Much  of  this 
discfepancy  can  be  traced  to  the  overly  large  bandgap  incorporated  in  the 
sp'^s  matrix  elements.  In  another  publication  we  will  present  results 
using  modified  matrix  elements.  The  most  important  point  is  that  the  r-X 
transition  is  well  defined  and  "validates"  the  use  of  the  KP  method  in 
this  regime. 


Fig.  3  Kronig-Penney  superlattice 
bandstructure  as  a  function  of  the 
number  of  AlAs  monolayers  per  period 
with  a  period  of  18  monolayers 
total . 


Fig.  1)  Tight-binding  super- 
lattice  bandstructure  and 
dipole  matrix  element  as  a 
function  of  the  number  of  AlAs 
monolayers  per  period  with  a 
period  of  18  monolayers  total. 


2 

The  dipole  matrix  elements  lP(n)|  change  magnitude  due  to  the  T-X 
crossover  at  n  -  8.  In  the  GaAs  limit  (n  =  0),  |P(0)p  -  0.61  and  in  the 
AlAs  limit  (n  =  18),  |P(18)|  *  0.0.  In  the  GaAs  limit,  both  the 
electrons  and  the  holes  are  localized  in  the  GaAs  layers  and  the  dipole 
moment  is  large  because  the  wavef unctions  have  appreciable  overlap.  In 
approaching  the  AlAs  limit,  the  electrons  becone  localized  in  the  AlAs 
layers  which  leads  to  a  smaller  dipole  moment  because  the  overlap  is 
reduced.  Figure  also  shows  that  the  r-X  transition  is  not 
discontinuous.  Thus,  even  though  the  bandgap  has  become  X-like  for  n  >  8, 
the  dipole  moment  is  still  large.  Accordingly,  the  experimental 
observation  of  photoluminescence  is  consistent  with  zone  folded  X-point 
transitions. 


5.  Conclusions 


We  have  clearly  demonstrated  that  a  strong  luminescence  signal  which 
derives  from  X  symmetry  states  can  be  obtained  in  GaAs/AlAs  superlattices. 
A  simple  Kronig-Penney  cinalysls  is  shown  to  be  very  successful  in 
describing  the  position  of  the  superlattice  bandstructure.  A  more 
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sophisticated  tight-binding  calculation  was  used  to  demonstrate  that 
although  there  is  very  little  mixing  between  r  and  X  conduction  band 
states,  the  dipole  matrix  element  does  not  immediately  go  to  zero  as  the 
superlattice  becomes  indirect.  From  this,  we  conclude  that  our 
observation  of  luminescence  from  X-derived  conduction  band  states  is 
consistent  with  having  zone-folded  the  on-axis  X-mlniraa  to  zone  center. 
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1 .  Introduction 

Because  of  the  development  of  laser  annealing  as  a  tool  for  eliminating 
the  surface  damage  caused  by  ion- imj'l antat ion,  the  evolution  of  the 
electronic  and  thermal  energy  following  the  creation  of  the  photoexcited 
electron-hole  plasma  (.LflP)  in  semiconductors  becomes  the  subject  of  great 
interest  and  controvers)  (IVautelet  et  al.  1981,  I'orchcl  ct  al.  1983, 
SteranKa  et  al.  I98.S).  i'he  expansion  of  P.IIP  has  been  studied  on  the 
picosecond  time  scale  in  bulk  I'.aAS  (Collins  ct  al.  1984,  Huang  et  al.  1986) 
and  in  bulk  CdSc  (Junnarkar  et  al.  1986).  In  recent  years,  tremendous 
interest  in  layer  structures  such  as  GaAs-AlxC>a) _j(As  multiple  quantum 
wells  (MQW)  has  made  the  study  of  the  expansion  of  1;HP  in  those  materials 
particularly  important.  In  this  paper,  we  present  the  first  experimental 
evidence  of  the  raiud  plasma  expansion  in  (laAs-Alxtla)  .xAs  MQW  structures. 
The  spatial  expansion  of  the  photoexcited  LHP  in  llaAs-Al  xCaj  .^As  MQW 
structures  was  investigated  by  time-resolved  Raman  scattering  on  a 
picosecond  time  scale.  The  drift  velocity  of  the  plasma  was  estimated  and 
found  to  be  comparable  to  its  Lermi  velocity.  These  measurements  show  that 
at  low  intensity  excitations  thorraodiffusion  governs  the  transport  of  the 
photoexcited  LHP  in  GaAs-AlxGa j .^As  MQW  structures. 

2 .  experimental  Technique  and  Sample 

The  experimental  set  up  is  shown  in  Pig.  1.  The  Lxcitation  source  is 
DCM  dye  laser  which  is  synchronously  ptimpcd  by  the  second  harmonic  of  an 
actively  mode-loced  cw  VAKI  laser.  It  produces  a  pulse  train  of  iSps 
light  pulses  at  a  repetition  rate  of  76  MHz.  These  pulses  are  split  into 
two  beams  of  different  intensity  (with  10:1  ratio)  and  orthogonal 
polarizations.  The  more  intense  beam  is  used  to  pump  the  photoexcited 
plasma  and  the  weaker  one  probes  these  non-equi I ibriura  excitations  by 
spontaneous  intersubband  Raman  scattering.  The  photon  energy  from  the 
dye  laser  is  chosen  to  be  1.870  eV,  consequently,  we  would  expect  that 
the  photoexcited  carriers  come  mainly  from  excitations  of  electrons  from 
(a)  the  heavy  and  light  hole  subbands  to  the  continuum  states;  fb)  the 
splitoff  hole  subband  to  the  first  or  second  cletronic  subbands.  However, 
as  shown  in  Fig.  2,  we  do  not  observe  any  appreciable  intersubband  con¬ 
tributions  from  second  or  higher  subbands  to  their  next  higher  subbands  in 
our  Raman  siiectra  taken  under  the  excitations  of  (I)  the  probe  pulse 
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Fig.  1:  Experimental  setup  for  observing  the  spatial  expansion  of  EHP  in 
GaAs-Al^Gai.x'^s  MQh'  Structures.  SHG--seconcl  harmonic  generation  system, 
M--mirror,  BS--beam  splitter,  DL--delay  line,  L--lens,  A--analyzcr, 
PMT--photomultipliertube. 


alone  and  of  (2)  the  pump  and  the  probe  pulses  with  different  time  delay 
At,  we  conclude  that  the  photoexcited  carriers  primarily  populate  the 
first  electronic  subband  for  the  parameters  used  in  our  experiments.  The 
pump  pulse  is  variably  delayed  before  being  recombined  with  the  probe 
pulse  and  focused  to  the  surface  of  the  sample.  The  carrier  density 
generated  by  the  pump  pulses  was  about  dxlO^^cm'-.  Raman  scattering 
experiments  were  carried  out  in  a  backscattering  geometry  and  in  a 
pump/probe  configuration.  The  undoped  GaAs-AlxGa MQW  structure 
studied  in  this  work  was  grown  by  MBE  on  (001)  oriented  undoped  GaAs 
substrate.  It  consists  of  s30  periods  of  lOOA-thick  AlxGaj.xAs  (x=0.3) 
and  300\-thick  GaAs  layers.  The  sample  was  kept  in  contact  with  cold 


Fig.  2:  A  typical  Raman 
spectrum  taken  atT=10  K  and 
for  probe  beam  only.  This 
spectrum  demonstrates  that 
the  photoexcited  carriers 
primarily  populate  the 
first  electronic  subband  in 
our  experiments.  The  sharp 
feature  at  s300cm'^  is  the 
first  order  Raman  scattering 
signal  from  LO  phonons  and 
the  broad  peak  at  £125  cm"^ 
is  from  collective  inter¬ 
subband  excitations. 
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Fig.  3:  Theoretical  prediction  of 
the  frequency  shift  as  a  function 
of  electron  density  for  collective 
intersubband  excitation  (from 
equations  1  and  2,  Pinczuk  et  al. 
1980) . 


Fig.  4:  The  electron  density  vs. 
time  delay  .It  between  the  pump  and 
the  probe  pulses.  The  solid  circles 
are  experimental  data  for 
GaAs-Alj(Gaj.)jAs  MQW  which  has  a 
diameter  of  sSOOum  and  the  spot 
size  is  sSOOum.  The  crosses  are 
for  GaAs-Alj(Gai .X  MQW  and  the  spot 
size  is  alOOyni. 


(slOK)  He  gas.  The  intersubband  Raman  scattering  signal  from  photoexcited 
electrons  confined  inside  the  MQW  is  made  up  of  two  parts  which  can  be 
separated  by  a  proper  selection  rule.  The  first  part  consists  of  light 
scattering  from  spin-density  fluctuation  or  single-particle  excitations, 
the  peak  positions  in  the  spectra  reflect  roughly  (aside  from  the  final 
state  interactions)  the  difference  in  subband  energies  which  are  involved 
in  the  transition.  The  second  part  comes  from  the  scattering  from  charge- 
density  fluctuations  or  collective  intersubband  excitation;  because  of  the 
depolarization  effect  and  coupling  to  LO  phonons,  its  peak  positions  will 
shift  in  proportion  to  the  carrier  concentration.  As  shown  in  Fig.  3,  for 
carrier  concentration  n  <lxl0llcm"2  this  shift  has  been  found  (Pinczuk 
et  al.  1981,  Pinczuk  et  al.  1980)  to  be  linear  in  n  and  is  about  l.SScm"^ 
per  10^*^  cm"^  for  our  experimental  situation.  The  shift  of  the  peak 
position  associated  with  the  scattering  of  light  from  collective  inter¬ 
subband  excitations  was  therefore  utilized  to  determine  the  concentration 
of  the  photoexcited  carriers  in  our  measurements. 

In  our  experiment,  the  analyzer  was  placed  along  (Oil)  crystal  direction, 
the  pump  and  the  probe  beams  were  polarized  along  (OTl)  and  (Oil) 
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the  average  power  density  in 
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having  a  diameter  of  ' SOOara  and 
a  spot  size  of  -500..m)  is  also 
plotted  for  comparison  (See 
text  for  discussion) 
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delay  time  (  I's  : 

directions,  respectively.  According  to  the  selection  rule,  the  probe  beam 
will  scatter  collective  intersubband  excitations  and  the  pump  beam  will 
liave  a  contribution  coming  from  single-particle  excitations.  However,  due 
to  the  weakness  of  the  latter  at  n=4x  11)^*  cm"",  only  the  signal  from 
collective  intersubb.uul  excitations  is  observed  in  the  spectra.  The  Raman 
signal  is  detected  by  a  computer-controlled  Raman  system. 


5 .  bxperimenta 1  Results  and  Discussions 

in  fig.  4,  we  have  plotted  the  concentration  of  the  photoexcited  carriers 
as  a  function  of  time  delay  .t  between  the  pump  and  the  probe  pulses  for 
two  samples:  (a)  a  Ga.As-.Al  j(tia  i  ^IQ''  with  300.\-thick  CaAs  layers;  (b)  a 
(ia.As-Al^lla  1  .x-'-s  .'IQli  with  300.A-thiek  Ga.As  layers,  but  the  total  dimension 
of  the  sample  has  been  tailored  to  -500. .m  by  chemical  etching.  The  laser 
beams  were  focused  to  a  sjiot  of  diameter  100;.m  and  -SOOum  on  samples  (a) 
and  (b) ,  respectively.  We  observe  that  the  rate  of  decrease  in  the 
carrier  concentration  is  much  larger  for  sample  (a)  than  for  sample  (b) . 
Because  the  existence  of  the  deep  impurities  in  the  GaAs  sample  has  been 
shown  to  decrease  the  lifetime  of  the  carriers  (Weiner  et  al.  1982),  one 
possible  explanation  is  that  sample  (a)  contains  more  deep  impurities  than 
sample  (bj .  However,  the  following  experimental  observation  rules  out 
this  possibility.  In  fig.  5,  the  logarithm  of  the  concentration  of  the 
photoexcited  carriers  is  plotted  against  the  time  delay  for  sample  (a)  for 
three  different  laser  spot  sizes.  We  have  deliberately  kept  the  power 
density  the  same  although  we  varied  the  spot  size.  These  measurements 
show  that  the  rate  of  decrease  of  the  carrier  concentration  becomes 
smaller  as  the  size  of  the  focused  spot  increases  and  eventually,  it 
approaches  the  value  given  in  sample  (b)  of  fig.  4,  which  is  indicated  by 
the  dashed  line  in  fig.  5.  If  deep  impurities  in  the  GaAs  quantum  wells 
are  responsible  for  the  observed  data  as  shown  in  fig.  4,  we  would  expect 
that  the  rate  of  the  decrease  in  the  carrier  concentration  should  be 
independent  of  the  size  of  the  focus  spot.  Therefore,  in  order  to  explain 
our  measurements,  some  other  intrinsic  dissipation  mechanism  has  to  be 
invoked.  We  attribute  the  observed  phenomena  to  the  expansion  of  lillP, 
Qualitatively,  the  experimental  data  in  fig.  5  can  be  realized  as  follows: 
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Fig.  6:  Carrier  concentration  as  a  function  of  spatial  distribution  for 
tHP.  Because  ,'.x=Vj  •  .'.t  where  Vj  is  drift  velocity  of  the  plasma,  .’.t  is 
the  time  dela.v  and  .'..x  is  the  distance  the  plasma  expands,  the  lowering  of 
the  electron-hole  pair  density  will  be  more  efficient  for  a  smaller 
excited  spot  such  as  (a)  than  a  larger  one  such  as  (b)  (see  text  for 
discussion) . 


As  shown  in  I'ig.  o,  if  we  start  with  the  same  excitation  power  density  and, 
consequently,  the  same  electron-hole  concentration  in  the  plasma,  then 
because  the  initial  velocity  of  the  expanding  plasma  (which  is  comparable 
to  its  Fermi  velocity)  is  the  same,  the  lowering  of  the  electron-hole  pair 
density  is  more  efficient  for  a  smaller  excited  spot.  Quantitatively,  the 
observed  data  can  be  understood,  provided  that  the  plasma  is  expanding  at 
a  velocity  of  about  8xl0^cra/sec.  This  measured  plasma  drift  velocity  is 
comparable  t,o  its  Fermi  velocity  (which  is  about  8 .6xl0^cm/scc  for 
n=4xl0*^cm  ‘).  Consequently,  our  experimental  results  demonstrate  that  at 
low  intensity  excitations  the  transport  of  lillP  in  CaAs-AlxGai_xAs  MQW 
structures  is  thermodiffusive  and  are  consistent  with  the  fast-diffusing 
model  of  Forchel  et  al.  (1983).  We  have  tried  to  make  the  measurements 
at  higher  laser  power  density,  but  at  these  high  level  excitations,  the 
background  signal  (presumably  resulting  from  the  radiative  recombination 
of  hot  electrons  and  holes  excited  through  non-linear  processes)  becomes 
so  large  that  we  cannot  confidently  analyte  our  data. 

4 .  Conclusion 

In  brief,  we  have  used  picosecond  time-resolved  Raman  scattering  to 
investigate  the  spatial  expansion  of  photexcited  EllP  in  GaAs-AlxCaj.^As 
MQW  structures.  The  experimental  results  show  that  the  measured  drift 
velocity  of  the  plasma  is  comparable  to  its  Fermi  velocity,  and 
therefore  demonstrate  that  the  transport  of  the  photoexcited  ElIP  in 
GaAs-AlxCa 1 _xAs  MQW  structures  is  thermodiffusive. 
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Abstract .  We  have  developed  new  InP/InGaAsP  surface  emitting 
etched  mirror  laser  diodes.  This  laser  has  a  cavity  consisting 
of  slanted  facets  with  a  high  reflectance  dielectric  coating  and 
an  InP^InGaAsP  multilayer  reflector.  A  threshold  current  as 
low  as  65mA  is  obtained.  The  far  field  pattern  has  two  strong 
intensity  peaks  in  directions  deflected  by  20  and  40  degrees 
from  the  substrate  plane.  In  addition,  the  single  longitudinal 
mode  operation  is  also  observed. 


1.  Introduction 

Monolithic  formation  of  the  Fabry-Perot  resonators  of 
semiconductor  iasers  are  important  for  integrating  laser  diodes  into 
optoelectrotiic  circuits.  It  is  also  of  considerable  interest  for  a 
variety  of  applications  such  as  two  dimensional  light  sources  for 
im.age  processing  and  optical  computers.  In  particular,  facet 
formation  by  etching  is  potentially  advantageous  for  batch  processing 
and  on-wafer  testing  since  it  elim.inates  the  processes  of  cleaving  or 
dicing.  Various  types  of  etched  facet  lasers  have  been  proposed  in  the 
InP/ InGaAsP( Iga  and  Miller  1982,  Wright  et  nl  1982)  and  GaAs/GaAlAs 
(Hurwitz  et  al  1975,  Wada  et  al  1985)  materials  systems.  In  etched 
mirror  lasers,  the  vertical  facets  which  can  be  produced  by  wet 
chemical  etching  on  (100)  substrates,  however.  are  generally  nearly 
parallel  to  the  (111)  planes.  As  a  result,  the  etched  mirror  lasers 
reported  to  date  showed  threshold  currents  considerably  higher  than 
those  of  cleaved  mirror  lasers. 

Here,  we  report  the  fabrication  and  properties  of  a  new  type  of 
etched  mirror  laser(SEM“LD)  which  has  slant-edge  mirrors  and 
semiconductor  multilayer  reflectors. 

2.  Laser  Structure 

A  schematic  diagram  of  the  SEM-LD  is  shown  in  Fig.  1.  The 
facets  nearly  parallel  to  the  (111)  planes  are  used  as  the  cavity 
mirrors.  Since  the  facets  are  slanted,  dielectric  films  for  coating 
can  be  deposited  by  evaporation  from  the  top  of  the  wafer.  A  third 
mirror  of  the  cavity  consists  of  the  InP/lnGaAsP  multilayer 
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To  avoid  this,  we  designed  a 
horizontal  boat  which  has  25  /^n'lnp"**** 

melt  containers.  By  sliding  p-lnp 

the  boat  only  in  one  direction, 

reflectances  as  high  as  40-  fMUlTI-lAYCR  HtRFCTCm 

45%  at  1.3|im  wavelength  were  ^ — n-lnp  SUBSTRATE 

obtained  with  good 

reproducibility.  In  the 

second  LPE  growth,  layers 
of  n-InP(Te-doped) ,  p-InP 

( Zn-doped)  n-InP{  Cd-doped , 

Nd-Na=5xl0^  cm  '^)  and  METAL 

n-InGaAsP(  undoped ,  Eg=:0.95eV)  n  innnflir 

were  grown  successively  as  ^  olnP 

growth,  a  ^^*^2 
deposited  on  the  surface.  The 

standard  photolithographic  _ n  inGaAsP 

technique  was  applied  to  open  ^ - n-inP 

a  2^m-wide  window.  Then,  the 

stripe  channels  were 

preferentially  etched  into  the 

three  layers  using  solutions  Si/Si02 

of  H2S0^:H^02;H  0(3:l;O  lor  / 

the  top  InGaAsP  and  J 

concentrated  HCl  for  the  InP  ^  METAL 

layers.  After  removal  of  the  *®*5S55_ 

SiO^  film  and  the  C> 

photoresist,  the  layer  of  n- 

I nP( Te-doped ) ,  n-InGaAsP  Pig*  3  Fabrication  process  of  the 

(undoped,  the  active  layeri^  SKM-I.D.  al  Epitaxial  growth  of 

p-InP( Zn-doped )  P~  Ml.h  and  current  confinement 

InGaAsP( 2n-doped ,  the  cap  layers,  b)  Kpitaxial  growth  of  the 

layer)  were  grown  on  the  cladding  layer,  active  layer,  and 

channeled  substrate.  cap  layer  and  metallization. 

After  the  crystal  growth.  Ohmic  metal  is  covered  by  SiO^ 

the  p-side  eiectrode( Au/AuZn)  as  an  etching  mask,  c)  Formation 

was  evaporated  on  the  cap  of  the  slanted  plane  and 

layer  and  patterned  into  evaporation  of  the  Si/SiO^ 

rectangles  of  200pm  x  150pm,  coating. 

Then,  a  CVD-SiO^  film  was 

deposited  to  cover  the  p-side  electrodes  during  etching  (Fig. 

3(b) 1.  Smooth  slanted  mirrors  were  obtained  using 

H  S0^:H  0  iH^O  for  InGaAsP  and  concentrated  MCI  for  InP. 

The  etched  depth  was  about  7nm.  Magnified  observation  of  the  edge  of 
the  active  layer  profiles  revealed  that  the  slant  plane  formed  an 
angle  of  about  47  degrees  with  the  (001)  plan^  We  note  that  the 
etching  characteristics  of  InP  and  InGoAsF’  can  be  different.^  In  fact, 
however,  the  slant  planes  of  these  layers  (Fig.  2)  were  in  the  range 
40-50  degrees  from  the  wafer  plane,  leading  approximately  to  the 
structure  of  Fig.  2.  After  the  mirror  etching,  SiO^  and  Si  layers  were 
evaporated  using  an  electron-beam  evaporation  system  as  shown  in  Fig. 


Fig.  3  Fabrication  process  of  the 
SKM-I.D.  al  Epitaxial  growth  of 
the  Mt.h  and  current  confinement 
layers,  b)  Epitaxial  growth  of  the 
cladding  layer,  active  layer,  and 
cap  layer  and  metallization. 

Ohmic  metal  is  covered  by  SiO^ 
as  an  etching  mask,  c)  Formation 
of  the  slanted  plane  and 
evaporation  of  the  Si/SiO^ 
coat ing. 


Epitaxial  growth  of 
nd  current  confinement 


H  S04:H  0  rHjO 
The  etched  dept 


3(c).  When  the  ^iO^  and  Si  layers  werf  respectively  2320A 

and  '330A  thick,  the  reflectivity  measured  was  about  80%  at  1 . 3|jm 
wavelength.  This  value  would  be  improved  to  95%  if  the  coating  is 


and  Si  layers 


doubled  using 


layers  of  the  same  thickness  as  used  above. 
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4, Characteristics 


4.1  L-I  Characteristics 

Fig.  4  shows  a  typical 
optical  output  power  versus 
current(L-I)  characteristics 
of  the  SEM-LD  in  pulsed 
operation,  measured  before 
separation  into  individual 
chips.  The  length  of  the 
active  layer  was  about  200pm. 
The  threshold  current  is  as 
low  as  65mA,  and  no  kinks  are 
seen.  On  the  other  hand,  the 

threshold  currents  of  the 
lasers  with  two  cleaved  facets 
and  a  200^m-long  cavity 
fabricated  from  the  same  wafer 
were  typically  about  20mA, 
which  is  about  1/3  of  the 
threshold  currents  of  SEM-LD. 
This  difference  is  ascribed  to 
the  beam  broadening  which 
occurs  between  the  slant  edge 
and  MLR. 


Fig.  4  Room-temperature  output 
power  versus  pulse  inject  ion  current 
for  a  SEM-LD  before  cleaving. 


4.2  Far  Field  Patterns 

Fig.  5(a)  shows  the  far  field  patterns,  perpendicular  to  the 
Junction  plane,  measured  when  the  laser  is  rotated  up  to  about  90 
degrees.  The  three  curves  correspond  to  laser  diode  currents  of  150, 
200,  and  300nA.  Three  intensity  peaks  are  observed.  Two  of  them  are 
strong  and  narrow,  at  angles  of  about  20  and  40  (iegrees  with  respect 
to  the  (001)  plane.  Their  full  widths  at  half  maximum  are  both  about 
10  degrees.  Fig.  5(b)  is  a  far-field  pattern  nearly  parallel  to  the 
junction  plane;  the  detector  was  fixed  at  peak  at  about  20  degrees  in 
Fig.  5(a)  and  the  laser  was  rotated  around  an  axis  a  normal  to  the 
rotate  axis  of  Fig.  5(a).  The  full  width  at  half  maximum  in  Fig.  5(b) 
is  about  25  degrees  and  the  fundamental  mode  oscillation  is  obtained. 
These  far-field  patterns  are  considerably  narrower  than  those  of  the 
conventional  edge-emitting  lasers  (Oomura  et  al  1981). 

4.3  Longitudinal  Mode  Behavior 

F  g.  6  shows  the  typical  longitudinal  mode  behavior  of  the  SEM- 
LD.  The  longitudinal  mode  behavior  with  increasing  current  is  quite 
similar  to  that  of  a  multi-cavity  laser  (Suematsu  et  al  1975,  Garmire 
et  al  1981,  Ohshima  et  al  1985),  As  shown  in  Fig.  6(0),"  at  a  low 
injection  current  of  about  l.llth,  the  envelope  of  the  emission 
spectrum  has  peaks  separated  by  a  constant  interval  of  22A.  As  the 
current  is  increased  to  1.4Ith  (Fig,  6(b)),  the  dominant  mode  grows 
and  the  other  modes  are  almost  suppressed.  As  the  current  is  increased 
to  1.6Ith,  the  single  mode  operation  is  achieved{ Fig.  6^c)), 

The  reason  for  this  longitudinal  mode  behavior  is  believed  to  be 
as  follows; 
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300mA 


200mA 
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specific  longitudinal  mode  and  result  in  the  mode  selectivity. 

Therefore,  the  SEM-LD  is  essentially  a  double  cavity  laser  so 
that  the  stable  longitudinal  mode  operation  can  be  achieved. 

5 .  Summary 


We  have  developed  a  new  etched  cavity  laser,  which  has  a  cavity 
formed  with  slant  edges  and  semiconductor  multilayer  reflectors.  A 
threshold  current  as  low  as  65mA  has  been  obtained.  Two  intensity 
maxima  are  observed,  with  full  widths  at  half  maximum  of  about  10 
degrees  perpendicular  to  the  junction.  In  addition,  this  laser  can 
operate  in  a  single  longitudinal  mode  due  to  the  MLR  acting  as  a 
waveguide.  The  present  results  indicate  that  this  laser  is  promising 
for  applications  in  integrated  optoelectronic  circuits. 
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Angular  chlorine  ion-beam-assisted  etching  of  GaAs  and  AIGaAs 


W.  D.  Goodhue,  G.  D.  Johnson  and  T.  U.  Windhom 

Lincoln  Laboratory.  .Massachusetts  Institute  of  Technology,  Lexington,  Massachusetts  02173 


Ahsiract  We  have  used  chlorine  ion-beam-assisted  etching  to  produce  channels  with  slop¬ 
ing  walls  in  GaAs  and  AIGaAs  layers.  Contours  have  been  generated  by  biting  the  sub¬ 
strate  with  respect  to  the  etching  beams  at  an  angle  that  is  either  fixed  or  varied  by  means 
of  a  computer-controlled  stage.  'iTiis  technique  is  potentially  useful  for  a  wide  variety  of 
electronic  and  optical  GaAs/AIGaAs  applications.  The  first  application  of  the  technique 
was  to  fabricate  45°  deflecting  mirrors  in  combination  with  vertical  laser  cavity  mirrors  to 
produce  surface-emining  diode  laser  arrays.  This  paper  will  focus  on  the  procedures 
involved  in  the  angular  etching  process. 

.A  variety  of  electronic  and  optical  Ga.As/AIGaAs-based  devices  require  channels  with  sloping 
walls  in  GaAs  and  AIGaAs  layers.  Windhom  and  Goodhue  (1986)  have  used  chlorine  ion- 
beam-assisted  etching  (IB.AE)  to  control  wall  slopes.  In  the  IBAE  process  an  argon  ion  beam 
and  a  jet  of  chlorine  gas  are  simultaneously  incident  on  the  sample.  Etching  is  a  chemical  pro¬ 
cess  involving  the  chlorine,  but  is  highly  anisotropic  because  of  the  argon  ion  beam.  In  fact, 
the  wall  slope  is  determined  by  the  angle  at 
which  the  sample  is  tilted  with  respect  to  the 
ion  beam.  Contours  have  been  generated  both 
by  using  fixed  tilt  angles  and  by  computer- 
controlled  dynamic  tilting.  We  have  used  the 
technique  to  fabricate  45°  deflecting  mirrors  in 
combination  with  vertical  laser  cavity  mirrors 
to  produce  surface-emitbng  la.ser  arrays  and  are 
presently  applying  the  technique  to  fabricate 
two-dimensional  GaAs/AIGaAs  diode  laser 
arrays  and  columns  10  -  20  nm  wide  for  quan¬ 
tum  confinement  studies. 

In  this  paper  we  will  focus  on  the  angular  etch 
ing  process  itself  rather  than  specific  devices. 

The  basic  chlorine  ion-beam-assisted  etching 
process  has  been  described  by  Geis  et  al 
(1981).  Since  their  paper,  a  cryopump,  Mei.ss- 
ner  coil,  second  chlorine  tube,  load-lock  and 
liltable  sample  holder  have  been  added  to  the 
apparatus.  A  schematic  of  the  present  system 
IS  shown  in  Fig.  1.  The  cryopump.  Meissner 
coil,  and  load-lock  provide  a  clear  vacuum  sys¬ 
tem  that  routinely  reaches  a  background  pres¬ 
sure  of  1  X  10“^  Torr  15  minutes  after  a 
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Fig.  I  Schematic  of  the  CI2-IBAE  etching 
system 
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sample  is  transferred  into  the  system.  Samples  are  etched  approximately  30  minutes  after 
transfer. 

For  this  work  we  adjusted  the  system  operating  parameters  to  give  a  normal-incidence  etch  rate 
of  40  to  SO  run  min“’  in  GaAs.  As  in  the  earlier  work  by  Geis  et  at  (1981),  we  operated  the 
system  with  a  SOO-eV  argon  ion  beam  at  a  current  density  of  1.4  mA  cm~^  and  an  argon  beam 
pressure  of  10  mTorr  at  the  sample  surface.  The  chlorine  beam  pressure  at  the  sample  surface 
was  2.8  mTorr.  With  these  parameters  the  normal-incidence  etch  rates  for  AljGai_,As  with  x 
from  0.08  to  0.80  were,  to  within  10%,  40  nm  min'*.  No  roughness  was  observed  at  GaAs- 
AIGaAs  heterointerfaces. 

The  masking  materials  used  in  this  work  were  baked  AZ-1470  photoresist,  pyrolytically  depo¬ 
sited  phosphosilicate  glass  (PSG)  and  evaporated  nickel.  The  respective  etch  rates  for  these 
materials  were  4.7  nm  min'*,  1.2  nm  min'*,  and  0.4  nm  min'*.  Chrome  lithographic  masks 
were  used  in  preference  to  emulsion  and  iron  oxide  masks  since  they  were  found  to  minimize 
ripple  of  the  etched  walls. 

C>)  JCt 
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Fig.  2  Schematic  showing  the  etching  geometry  for  the 
computer-  controlled  stage. 


A  schematic  of  the  etching  geometry  and  computer-controlled  sample  stage  used  for  angular 
etching  is  shown  in  Fig.  2.  Figure  3  shows  SF.M  micrographs  of  etched  walls  in  (100)  GaAs 
with  the  edge  alignment  along  the  (011)  cleavage  plane.  The  first  micrograph  shows  a 
sidewall  etched  at  four  different  tilt  angles  for  four  different  time  intervals.  The  tilt-angle 
schedule  was  30°  for  20  min,  40°  for  10  min,  50°  for  5  min.  and  60°  for  2  5  min.  The  etched 
sidewall  angles  are  identical  to  the  bit  angles  of  the  substrate  with  respect  to  the  ion  beam  and 
the  etch  rate  is  constant  in  the  direction  of  the  ion  beam  independent  of  tilt  angle.  The  second 
micrograph  shows  a  curved  sidewall  obtained  by  computer-controlled  etching  using  800 
discrete  bit  angles.  Etching  was  initiated  with  the  ion  beam  35°  from  the  normal  to  the  sam¬ 
ple,  and  the  angular  motion  of  the  sample  holder  was  accelerated  during  the  »un.  As  the  angle 
between  the  ion  beam  and  the  sample  normal  increases,  the  top  edge  of  the  mask  shadows 
areas  with  more  vertical  sidewalls  so  that  virtually  any  concave  shape  can  be  generated.  Con¬ 
vex  sidewalls  could  be  obtained  by  combining  substrate  tilting  with  computer-controlled  varia¬ 
tion  in  the  argon  ion  beam  current  density.  However,  the  motion  required  to  generate  convex 
shapes  is  more  complicated  because  the  entire  sidewall  is  etched  during  the  entire  run. 
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Fig.  3  SEM  micrographs  of  etched  sidewalls  in  GaAs.  (a)  Sidewall  contour  generated  by 
four  discrete  angle  runs  at  varying  times,  (b)  Sidewall  contour  generated  by 
computer-controlled  continuous  angle  vanai' ■ 


The  system  can  also  be  used  to  generate  smooth  venical  sidewalls.  Figure  4  is  an  SEM  micro¬ 
graph  of  a  3-pm-deep  channel  with  vertical  walls  that  was  etched  in  an  Alp  joGaojoAs  double 
heterostructure  with  a  100  nm  GaAs  active  layer.  During  the  etch  the  sample  was  rocked 
under  computer  control  with  the  ion  beam  parallel  to  the  channel  sidewall  plane.  The  lower  ? 
pm  portion  of  the  sidewall  is  extremely  smooth.  The  roughness  on  the  upper  sidewall  of  the 
channel  is  due  to  PSG  mask  edge  failure  2  pm  into  the  etch.  Better  masks  will  be  required  to 
produce  optically  smooth  walls.  We  hope  to  investigate  the  use  of  both  x-ray  and  high- 
resolution  electron-beam  lithography  in  the  masking  process. 


Fig.  4  SEM  micrograph  of  the  vertical  sidewall  of  a  channel 
etched  3  pm  deep  in  a  Alp  ioGaojoAs-GaAs  double 
heterostructure. 


Fvg.  5  Composite  showing  45"  sidewall  variations  when  oriented  a)  along  (Oil)  toward 
(111),  b)  along  (Oil)  toward  (111)  and 


Several  orientanons  were  checked  for  lariatioas  in  angular  etching.  A  grating  was  placed 
along  the  (Oil),  (Oil),  (001),  or  (010)  plane  of  a  portion  of  a  (lOO)-orienteJ  substrate.  The  tilt 
angle  was  adjusted  to  45°  and  a  set  of  channels  was  etched  for  each  of  eight  orientations  (each 
of  the  four  samples  was  cleaved  into  two  so  that  both  45°  directions  could  be  etched).  All 
orientations  etche^  at  45°  with_some  minor  variations  in  the  sidewall  ripple.  The  sidewall 
onented  along  (Oil)  toward  (111)  was  the  smoothest,  while  the  sidewall  oriented  along  (Oil) 
toward  (111)  had  the  mo.st  ripple  (Fig  5). 


Fig  6  Schematic  of  a  surface-emitting  laser  device  showing 
the  relationship  between  the  etched  facet  and 
deflecting  mirror. 
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We  have  used  the  angular  etching  technique  to  produce  surface-emitting  diode  lasers.  The  pro¬ 
cessing  techniques  used  to  prepare  the  wafers  for  etching  have  been  described  previously  by 
Windhom  and  Goodhue  (1986),  Figure  6  is  a  schematic  of  a  surface-emitting  laser  which 
shows  the  relationship  between  the  etched  facet  and  45°  deflecting  mirror.  We  plan  to  replace 
the  45°  deflecting  mirror  with  a  curved  mirror  to  add  focusing  capability  and  permit  the  fabri¬ 
cation  of  two  dimensional  cw  room-temperature  arrays  for  high-power  applications.  Since  the 
technique  produces  minimal  surface  damage,  (Geis  et  al  (1981))  we  are  also  investigating  its 
use  in  combination  with  molecular  beam  epitaxy  overgrowth  and  as  a  method  for  etching  rela¬ 
tively  easily  fabricated  80-nm-wide  quantum  wires  or  boxes  down  to  10-20  nm  for  quantum 
confinement  studies  (Fig,  7),  The  results  of  our  first  effort  to  make  10-20  nm  wide  quantum 
wires  is  shown  in  (Fig,  8),  The  columns  shown  in  a)  were  fabricated  using  ion  beam  lithogra¬ 
phy,  a  nickel  lift  off  and  vertical  CI2-IBAE.  The  columns  of  a)  were  then  angle  etched  after 
the  nickel  mask  was  removed.  As  shown  in  b)  not  all  of  the  mask  was  removed,  so  the  angle 
etch  left  the  upper  portion  of  the  columns  wedge  shaped.  The  lower  portions,  however,  were 
not  masked  from  the  angled  beam  so  that  sub-20-nm-wide  column  base  regions  were  produced. 


Ar^  ■  CI2  BEAMS 


Fig,  7  Schematic  showing  how  quantum  lines  or  boxes  could  be  generated 
in  a  two-step  etching  process.  After  the  initial  etch  the  masking  layer 
is  removed  and  a  second  angula,-  etch  is  used  to  thin  the  columns. 


Fig,  8 


SEM  micrographs  of  columns  etched  in  GaAs  showing  a)  the  initial  etch  which  pro¬ 
duce  80-nm-wide  columns  on  320  nm  centers  and  b)  the  results  of  angular  etching 
the  columns  at  20°,  The  bases  of  the  columns  are  less  than  20  nm  wide. 
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In  summary,  chlorine  IBAE  has  been  used  to  etch  channels  in  GaAs  and  AlGaAs,  producing 
sidewalls  tilted  at  the  same  angle  as  the  substrate  is  tilted  with  respect  to  the  ion  beam.  Both 
planar  and  curved  sidewalls  have  been  generated.  Only  minor  orientation  effects  have  been 
observed  for  the  limited  number  of  orientations  investigated.  Masking  materials  and  patterning 
techniques  still  need  to  be  improved  to  eliminate  edge  ripple  on  the  sidewalls.  The  etching 
technique  is  potentially  very  useful  for  a  variety  of  electronic  and  optical  GaAs/AlGaAs  dev¬ 
ices. 

The  authors  thank  Dr.  S.  W.  Pang  for  preparing  the  quantum  wire  test  samples  used  in  this 
work.  The  expen  technical  assistance  of  L.  Krohn,  Jr.,  W.  F.  DiNatale  and  P.  M.  Nitishin  is 
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Abstract.  Operation  of  GaAs/A16aAs  double-heterostructure  diode  lasers 
fabricated  on  (110)  GaAs  substrates  is  reported  for  the  first  time. 
Structures  composed  of  a  O.l-pm-thick  GaAs  active  layer  and  1-um-thick 
'^^0  .aaG^o  ,72 As  confinement  layers  were  grown  by  organometallic  va¬ 
por  phase  epitaxy.  Broad-area  lasers  with  a  cavity  length  of  350  urn 
have  exhibited  pulsed  threshold  current  densities  as  low  as  730  A/cnr . 
A  stripe-geometry,  gain-guided  laser  has  exhibited  pulsed  threshold 
current  of  60  mA  and  differential  quantum  efficiency  of  33%  per  facet. 


1 .  Introduction 

There  has  been  no  report  of  GaAs/AlGaAs  heterostructure  devices  fabricated 
on  (110)  GaAs  substrates,  apparently  because  of  the  difficulty  encountered 
in  growing  device-quality  epi layers  with  this  orientation.  Both  the  sur¬ 
face  morphology  and  crystal  quality,  which  are  strongly  dependent  on 
growth  parameters,  have  generally  been  poor  (Nakanisi  1984,  Keep  and 
Ghandi  1983,  Wang  1983).  In  addition,  alloy  clustering  or  segregated 
growth  has  been  observed  for  AlGaAs  (Petroff  ^  a]_.  1982,  Wang  et  al^. 
1986),  resulting  in  a  fairly  broad  linewidth  in  low- temperature  photo¬ 
luminescence  (PL).  Although  mobility  enhancement  was  observed  by  Wang  ^ 
al .  (1986)  in  GaAs/AlGaAs  modulation-doped  structures  grown  on  (110),  no 
device  results  were  reported.  In  this  paper  we  report  the  first  (110) 
GaAs/AlGaAs  diode  lasers,  which  have  been  fabricated  in  double  hetero¬ 
structures  (OH)  grown  by  organometallic  _v_apor  phase  epitaxy  (OMVPE)  on 
substrates  oriented  2°  off  (110)  toward  (iTI).  These  devices  have  charac¬ 
teristics  comparable  to  those  reported  for  lasers  with  similar  structures 
on  (100)  substrates. 


Our  work  on  (110)  diode  lasers  is  motivated  by  their  potential  for  utiliz¬ 
ation  in  monolithic  two-dimensional  surface-emitting  laser  arrays.  Such 
arrays  could  be  fabricated  from  edge-emitting  devices  having  etched  facets 
that  are  coupled  with  mirrors  deflecting  the  laser  radiation  by  90°  so 
that  it  emerges  normal  to  the  wafer  surface  (Walpole  and  Liau  1986, 
Windhorn  and  Goodhue  1986).  For  (110)  substrates,  there  are  j  111}  planes 
that  are  normal  to  the  substrate  surface.  Since  (lllA)  and  (1118)  are 
respectively  the  slowest  and  fastest  etching  planes  for  many  wet-chemical 
etchants,  facet-deflector  pairs  can  be  obtained  by  wet-chemical  etching. 


Epitaxy  of  GaAs  and  AlGaAs  on  (110)  GaAs  Substrates 


The  GaAs  and  AlGaAs  layers  were  grown  in  a  horizontal  OMVPE  system  at  at¬ 
mospheric  pressure.  Triraethylgallium  and  trimethylaluminum  were  used  as 
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Ga  and  A1  sources  and  arsine  as  the  As  source.  The  reactor  is  equipped 
with  a  vacuum  load-lock  for  substrate  introduction.  The  GaAs  substrates, 
which  were  doped  with  Si  to  -2  x  10^®  cm"^ ,  were  degreased  and  free 
etched  to  remove  polishing  damage.  Before  growth  most  of  the  substrates 
were  etched  situ  with  gaseous  HCl  at  BOO^C  for  a  few  minutes  for  fur¬ 
ther  cleaning.  An  situ  HCl  etch  was  used  after  every  few  runs  to  re¬ 
move  thick  deposits  from  the  reactor  wall. 

The  surface  morphology  of  the  epitaxial  layers  was  very  sensitive  to  the 
direction  of  substrate  misorientation.  Figure  1  shows  Nomarski  photo¬ 
micrographs  _of  GaAs  layers  grown  on  substrates  tilted  2°  toward  (iTo}, 
(112)  or  (112).  (For  convenience,  in  the  following  discussion  the  (ll2) 
and  (112)  planes  will  be  designated  as  (112A)  and  (112B),  respectively.) 
All  these  layers_were  grown  at  780"C  with  a  V/III  ratio  of  about  60. 
Tilting  toward  (iTO)  gave  very  fine  terraces,  while  tilting  toward  (112B) 
produced  a  very  rough  surface.  The  best  surface  morphology  was  obtained 
when  the  substrate  was  tilted  toward  (112A).  For  this  orientation  shallow 
surface  defects  elongated  along  <111>  were  observed.  For  comparison,  GaAs 
was  also  grown  on  an  n'*'  (100)  substrate  under  the  same  conditions. 
Featureless  surfaces  were  obtained  in  this  case. 


60 


(a)  (b)  (c) 

Fig.  1.  Nomarski  photomicrographs  showing  the  surface  morphology  of  GaAs 
grown  on  substrates  oriented  (a)  (110)  ♦  (UOK  (b)  (110)  -►  (112B)  and  (c) 
(110)  ♦  (112A).  The  substrate  temperature  was  780°C. 


The  quality  of  the  layers  of  Fig.  I  was  characterized  by  PL  measurements 
at  5  K.  Figure  2  shows  the  PL  spectra  excited  by  an  Ar  ion  laser  emitting 
at  647  nm  with  a  power  density  of  about  7.5  W/cr/ .  The  strongest  and 
sharpest  exciton  peak  was  obtained  for  the  layer  grown  on  the  substrate 
tilted  toward  (112A).  The  full  width  at  half  maximum  (FWHM)  of  this  peak 
was  about  3  meV.  By  reducing  the  power  density  to  0.75  W/crtr  ,  we  could 
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Fig.  2.  Low-temperature 
photoluminescence  (PL) 
spectra  of  GaAs  layers 
grown. on  substrates  with 
four  different  orienta¬ 
tions. 
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resolve  the  free,  donor-bound  and  acceptor-bound  exciton  peaks,  indicating 
the  high  purity  and  crystal  quality  of  the  material.  Despite  its  poor 
morphology,  the  layer  grown  on  the  substrate  tilted  toward  (112B)  had  a 
stronger  exciton  peak  than  the  one  grown  on  the  substrate  tilted  toward 
UlO).  All  the  layers  on  near-(llO)  substrates  showed  smaller  carbon 
peaks  than  the  one  grown  on  (100).  The  dependence  of  carbon  incorporation 
on  substrate  orientation  has  been  reported  by  Kuech  and  Veuhoff  (1984). 
Because  the  smoothest  morphology  and  strongest  PL  were  obtained  for  (110) 
tilted  toward  (112A),  further  experiments  were  confined  to  that 
orientation. 

The  GaAs  layers  were  much  less  sensitive  to  substrate  temperature  and 
V/III  ratio  than  to  orientation.  The  surface  morphology  was  not  much 
changed  for  substrate  temperatures  up  to  820“C,  but  the  surface  was 
slightly  rougher  for  growth  at  850°C.  With  increasing  substrate  tempera¬ 
ture  the  FWHM  of  the  exciton  peak  increased,  reaching  about  5  meV  for 
850°C,  and  the  carbon  peak  became  larger.  At  a  substrate  temperature  of 
780“C,  the  surface  morphology  was  slightly  degraded  when  the  V/III  ratio 
was  changed  from  60  to  either  30  or  90.  At  higher  substrate  temperatures, 
however,  better  surface  morphology  was  obtained  with  V/lII  ratios  larger 
than  60, 

The  surface  morphology  of  AlGaAs  layers  was  very  sensitive  to  the  sub¬ 
strate  temperature.  The  most  serious  problem  was  large  surface  defects, 
as  shown  in  Fig.  3(a)  for  a  layer  grown  at  820°C  with  a  V/III  ratio  of 
about  30.  The  size  of  the  defects  was  fairly  uniform,  indicating  that 
they  originated  from  the  substrate.  The  density  of  these  defects  in¬ 
creased  with  decreasing  substrate  temperature.  The  density  was  signifi¬ 
cantly  reduced  by  situ  HCl  etching  prior  to  growth,  showing  that  sur¬ 
face  contamination  contributed  to  defect  generation.  Under  optimum  con¬ 
ditions,  AlGaAs  with  very  smooth  morphology  and  few  defects  could  be  ob¬ 
tained  at  a  substrate  temperature  of  850"C,  as  shown  in  Fig.  3(b),  Figure 
4  shows  the  low-temperature  PL  spectra  of  an  Alp  .aeGao  .72^s  layer  ex¬ 
cited  by  an  Ar  ion  laser  at  568  nm  with  power  densities  of  7.5  and  30 
W/cm^ .  Both  an  exciton  peak  and  strong  carbon  peak  were  observed.  The 
FWHM  of  the  exciton  peak  was  about  13  meV,  much  smaller  than  the  value  of 
52  meV  obtained  by  Wang  et  (1986)  for  Alo^3Gao,;As  grown  on  (110) 
GaAs  by  molecular  beam  epitaxy. 


Fig.  3.  Nomarski  photo¬ 
micrographs  showing  the 
surface  morphology  of  Al¬ 
GaAs  grown  at  substrate 
temperatures  of  (a)  820°C 
and  (b)  BBO^C.  The  sub¬ 
strate  orientation  was 
(110)  -  (IIZA). 
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(e  A®)  of  C 


Fig.  4.  Low-temperature  PL 
spectra  of  AI5 .2i,Ga„ As  for 
excitation  power  densities  of 
7.5  and  30  V/cnr  . 


3.  Double-Heterostructure  Diode  Lasers 


A  DH  laser  structure  consisting  of  the  following  layers  was  grown  by  OMVPE 
on  a  GaAs  substrate  oriented  2°  off  (110)  toward  (112A):  l-uui-thick  n 
AIq  .28 Gao  .72 As  confinement,  0.1-um-thick  nominally  undoped  GaAs  ac¬ 
tive,  1-um-thick  p  Alg  .72 As  confinement,  and  0.2-um-thick  p'*’ 
GaAs  cap.  Oimethylzinc  and  hydrogen  selenide  were  used  as  the  sources  of 
p  and  n  dopants,  respectively.  All  the  layers  were  grown  at  SSO^C  in  or¬ 
der  to  minimize  the  density  of  the  large  surface  defects  in  the  AlGaAs 
layers.  Broad-area  lasers  were  fabricated  with  cleaved  facets.  Figure  5 
shows  the  pulsed  threshold  current  density  as  a  function  of  cavity 
length  L.  The  lowest  J^h  for  L  =  350  urn  was  730  A/cnr ,  which  approxi¬ 
mates  the  lowest  values  reported  for  lasers  of  similar  structure  on  (100) 
substrates.  The  absorption  coefficient  a  was  found  to  be  14  cm-^  by  fit¬ 
ting  the  data  to  the  standard  expression 

'^th  "  B  ’ 


where  =  R2  =  0.32  are  the  facet  reflectivities  and  6  is  a  constant 
equal  to  0.059  cm/A. 

Oxide-defined  stripe-geometry  lasers  with  a  stripe  width  of  6  urn  were  also 
fabricated.  Figure  6  shows  the  current  vs  light  output  characteristic  of 
a  laser  with  L  =  210  urn  that  was  operated  with  100-ns  pulses  at  a  duty 
cycle  of  0.1%.  The  threshold  current  was  60  mA,  and  the  differential 
quantum  efficiency  was  33%  per  facet.  Light  output  of  more  than  20  mW  was 
obtained  without  kinks  for  many  of  the  lasers,  indicating  uniform  material 
quality.  Figure  7  shows  the  data  for  threshold  current  as  a  function  of 
L,  together  with  data  reported  by  Burnham  ^  (1981)  for  DH  stripe- 

geometry  lasers  with  an  AIq  .07 Gap  .93  As  active  region  and 
Alp  .45Gao  .55 As  confinement  layers  that  were  grown  by  OMVPE  on  (100) 
substrates.  For  the  same  cavity  length,  the  threshold  current  of  the 
(110)  lasers  was  about  20  mA  higher  than  that  of  the  (100)  lasers. 


THRESHOLD  CURRENT 
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However,  the  AlAs  mole  fraction 
difference  between  the  active  and 
confinement  layers  is  0.38  for  the 
(100)  lasers  and  only  0.28  for 
(110)  lasers.  For  the  same  dif¬ 
ference  in  AlAs  mole  fraction,  ihe 
difference  in  threshold  current 
should  be  much  smaller. 

4.  Etching  of  Facet-Deflector 
Pairs 


Fig.  5.  Threshold  current  density 
as  a  function  of  cavity  length  for 
broad-area  (110)  OH  diode  lasers. 


Fig.  6.  Light  output  vs  current 
for  a  stripe-geometry  (110)  DH 
laser.  The  threshold  current  is 
60  mA,  and  the  differential  quan¬ 
tum  efficiency  Is  33%  per  facet. 


In  order  to  demonstrate  the  poten¬ 
tial  usefulness  of  (110)  lasers 
for  monolithic  two-dimensional 
surface-emitting  arrays,  facet- 
deflector  pairs  were  formed  by 
wet-chemical  etching  of  a  double 
heterostructure  consisting  of  the 
following  layers  grown  by  OMVPE: 
l-pm-thick  n  AlGaAs,  0.1-um-thick 
GaAs,  3-um-thick  p  AlGaAs,  and 
0.2-Mm-thick  p'*'  GaAs.  Silicon  di¬ 
oxide  was  deposited  on  the  wafer, 
stripes  2  urn  wide  were  opened  per¬ 
pendicular  to  the  [111]  direction, 
and  the  sample  was  etched  with 
Br/CH30H.  Figure  8  is  a  scanning 
electron  micrograph  showing  a 
facet -deflector  pair  in  cross  sec¬ 
tion.  In  the  (lllA)  direction,  a 
vertical  facet  was  obtained  be¬ 
cause  the  (lllA)  plane  is  the 
slowest  etching  plane.  However, 
since  there  is  no  slow  etching 
plane  in  the  opposite  direction, 
the  profile  of  the  opposite  wall 
was  determined  by  etchant  diffu¬ 
sion,  resulting  in  a  semicircular 
shape.  The  facet  and  deflector 
surfaces  were  both  very  smooth.  To 
obtain  light  emission  normal  to 
the  substrate  from  a  semicircular 
deflector,  the  active  layer  should 
be  located  about  2/3  of  the  etch 
depth  below  the  surface.  The  di¬ 
vergence  of  the  beam  is  expected 
to  be  slightly  larger  after  the 
deflector.  In  order  to  complete 
laser  fabrication,  it  would  be 
necessary  to  form  the  other  facet 
by  a  dry  etching  technique  such  as 
reactive-ion  or  ion-beam-assisted 
etching. 
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Fig.  7.  Threshold  current  as  a 
func-tion  of  cavity  length  for 
stripe-geometry  (110)  DH  lasers. 
The  dotted  line  represents  data 
reported  by  Burnham  ^  (1981) 

for  AIq  .Q7GaQ  .93AS/AI0  .95Gao  .55AS 
DH  lasers. 
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Fig.  8.  Scanning  electron  micro¬ 
graph  showing  the  cross  section  of 
a  facet-deflector  pair  formed  by 
Br/CH3  0H  etching. 


5.  Conclusion 


We  have  fabricated  (110)  GaAs- 
AIGaAs  DH  diode  lasers  with  per¬ 
formance  comparable  to  lasers  of 
similar  structure  on  (100)  sub¬ 
strates.  Facet-deflector  pairs 
with  very  smooth  surfaces  have 
been  obtained  by  wet-chemical 
etching.  We  believe  that  it 
should  be  possible  to  fabricate 
monolithic  two-dimensional  laser 
arrays  with  good  performance  on 
(110)  substrates. 
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Si-induced  disordering  and  its  application  to  fabrication  of  index-guided 
AIGaAs  MQW  lasers 


Koji  Ishida,  Kazunori  Matsui,  Toshiaki  Fukunaga,  Takeshi  Takamori, 
Junji  Kobayashi,  Koichi  Ishida  and  Hisao  Nakashima 


Optoelectronics  Joint  Research  Laboratory 
1333  Kamikodanaka,  Nakahara-ku,  Kavasaki,  211  Japan 

Abstract  Compositional  disordering  of  Si  ion  implanted  AlGaAs-GaAs 
superlattices  has  been  studied  by  secondary  ion  mass  spectrometry  for 
various  ion  implantation  and  annealing  conditions.  It  is  found  that  when 
the  Si  concentration  exceeds  3x10*^®  cra"^.  Si  diffuses  rapidly  and  the 
disordering  of  superlattices  directly  correlates  to  this  rapid 
diffusion.  The  results  are  succesfully  applied  to  the  fabrication  of 
transverse  mode  controlled  AlGaAs-GaAs  multi-quantum  well  (MQW)  lasers 
with  buried  MQW  optical  guide.  It  is  observed  that  the  laser  oscillates 
in  a  single  mode,  both  spectrally  and  spatially  up  to  60  mW.  These  facts 
show  that  the  Si  induced  disordering  is  very  useful  for  optoelectronic 
device  fabrication. 

1.  Introduction 


Compositional  disordering  of  AlGaAs-GaAs  superlattices  (SL's)  is 
promoted  by  diffusion  of  impurities,  such  as  Zn  (Laidig  et  al.  1981),  Si 
(Meehan  et  al.  1984),  S  (Rao  et  al.  1985)  etc..  Si  ion  implantation  and 
subsequent  annealing  (Coleman  et  al.  1982)  and  Si  doping  during  growth 
followed  by  heat  treatment  (Kawabe  et  al.  1984) .  Because  of  the  potential 
for  application  to  novel  optoelectronic  devices  (Fukuzawa  et  al.  1984, 
Nakashima  et  al.  1985,  Deppe  et  al.  1985),  this  phenomenon  has  been  studied 
by  various  methods  such  as  Auger-electron-spectroscopy  (Kawabe  et  al. 

1984) ,  cross-sectional  transmission  electron  microscope  (Ishida  et  al. 

1985)  ,  and  photoluminescence  (Hirayama  et  al.  1984) .  Although  the  results 

have  demonstrated  Al-Ga  intermixing,  it  has  been  very  difficult  to 

obtain  quantitative  relationship  between  the  Al-Ga  intermixing  and  the 
diffusion  of  impurities  because  of  the  lower  sensitivities  of  the  above 
detecting  techniques  for  the  impurities.  The  knowledge  of  this 
relationship  is  thought  to  be  very  important  for  the  application  to 
optoelectronic  device  fabrication. 

We  have  studied  Si-induced  disordering  of  SL's  by  secondary  ion  mass 
spectrometry  (SIMS)  and  clarified  the  role  of  the  Si  diffusion  in  the 
disordering  (Kobayashi  et  al.  1986).  In  this  paper,  we  present 
detailed  SIMS  results  which  show  the  annealing  condition  dependence  of  the 
disordering  induced  by  Si  ion  implantation  and  subsequent  annealing. 
Furthermore,  we  describe  its  application  to  the  fabrication  of  transverse 
mode  controlled  multi-quantum  well  (MQW)  lasers  with  buried  MQW  optical 
guide  (MQW-BOG) . 
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2.  Correlation  between  Si  diffusion 
and  Si-induced  disordering  in 
AlGaAs-GaAs  super  lattices 

The  samples  used  for  SIMS 
studies  were  Alo,5Gag  cAs-GaAs 
SL's  with  30nm-30nm  periodicity 
grown  by  molecular  beam  epitaxy 
(MBE) .  Si  ions  were  implanted  at 
80  keV  with  doses  of  lO^-*  to  10^-® 
cm  Annealing  was  carried  out 

at  850‘c  for  1  h  in  three 
different  conditions,  i.e.  (1)  in 
face  to  face  contact  with  another 
GaAs  wafer,  (2)  under  AS4 
pressure  of  about  100  Torr  and  (3) 
with  an  Si02  cap  in  H2  atmosphere. 

28si  and  ^^Al  depth  profiles 
were  taken  by  SIMS  (CAMECA  IMS-3F 
spectrometer).  Cs*  ions  were 
used  as  primary  ions,  and  the 
acceleration  energy  was  14.5  keV. 
The  signals  from  60  iim^  area 
centered  in  the  taster  scanned 
area  of  500x500  >im^  were  detected 
with  an  ion-optic  system.  Since 
the  mass  number  of  28gi  ig  close 
to  that  of  2®a1H  and  2®C0,  Si  ions 
were  detected  under  the  high 
resolution  mode  (M/aM  •  2200). 
The  absolute  value  of  the  Si 
concentration  was  determined  by 
comparing  the  integrated  area  of 
the  obtained  Si  profile  with  the 
implanted  doses.  Depth  scales 
were  established  by  measuring 
crater  depths  with  a  calibrated 
surface  profilometer  and  the 
thickness  of  each  SL  layer. 

Figure  1  shows  Si  and  A1  depth 
profiles  for  the  as-implanted 
(1x10^®  cm  "2)  and  annealed 
(under  As^  pressure)  SL.  Since  no 
disordering  is  observed  for  the 
A1  profile  of  the  as-implanted 
sample,  the  knock-on  effect 
during  Si  ion  Implantation  does 
not  induce  the  disordering  of  SL. 
After  annealing.  Si  diffuses 
remarkably  deeper  into  SL  layer 
to  a  definite  depth  ("diffusion 
edge”)  where  the  Si  concentration 
abruptly  decreases.  This  means 
that  Si  diffuses  rapidly  above 
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Fig.  2.  Si  and  Al  depth  profiles 
of  SL  annealed  in  various  conditions. 
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the  critical  concentration  of  about  3x10^®  cm"^.  The  disordered  region 
expands  to  this  diffusion  edge. 

For  a  lower  dose  of  3x10^^  cm“^,  the  induced  disordering  depends  on  the 
annealing  condition,  as  shown  in  Fig.  2.  The  sample  annealed  in  face  to 
face  contact  with  another  GaAs  wafer  does  not  show  the  rapid  Si  diffusion 
and  disordering.  Some  trace  of  SL  is  observed  for  the  sample  annealed 
under  As^  pressure,  showing  incomplete  disordering.  Complete  disordering 
and  rapid  Si  diffusion  are  clearly  observed  for  the  sample  annealed  with  an 
Si02  cap.  Comparing  the  Si  and  Al  SIMS  profile,  the  distinct  correlation 
and  the  induced  disordering  is  obtained. 


The  rapid  Si  diffusion  at  high  concentration  has  been  explained  by  the 
substitutional  exchange  of  Sijjj-Siy  pairs  with  the  matrix  vacancies 
(Greiner  et  al.  1984.  Gavrilovic  et  al.  198S,  Kavanagh  et  al.  1985).  The 
formation  of  Si  pairs  was  observed  for  highly  Si  doped  MBE-grown  GaAs 
layers  by  channeling  PIXE  measurements  (Narusawa  et  al.  1984). 
Consequently,  the  vacancy  flow  enhanced  by  the  paired  Si  atom  movement  is 
considered  to  cause  the  Al-Ga  intermixing.  Both  types  of  the  vacancy  (Ga 
and  As  vacancy)  of  sufficient  concentration  are  required  for  the  rapid  Si 
diffusion.  The  Si  pairs  cannot  diffuse  but  rotate  around  Sijj^ 
condition  of  too  much  As  vacancies,  which  means  too  little  Ga  vacancies. 
This  corresponds  to  the  annealing  in  face  to  face  contact  with  another  GaAs 
wafer.  Annealing  with  an  Si02  cap  causes  the  out-diffusion  of  Ga  and  pile- 
up  of  As  at  the 


interface  which 
introduce  the  high 
concentration  of  Ga 
and  As  vacancies 
(Gyulai  et  al.  1970). 
The  introduced  Ga 
and  As  vacancies  are 
considered  to  induce 
the  deeper  Si 
diffusion  and 
complete  disordering. 
Consequently,  it  is 
confirmed  that  the 
disordering  of  SL's 
is  caused  by  vacancy 
flow  enhanced  by  the 
Si-Si  pairs. 
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Fig.  3.  Schematic  illustration  of  the 
MQW-BOG  laser  structure. 


3.  Device  Application 


Here,  we  give  an 
example  of  application 
of  Si  induced 
disordering  to  the 
fabrication  of  MQH 
lasers  with  buried 
MQW  optical  quid 
(MQH-BOG) .  The 
structure  of  MQW-BOG 
lasers  is  schematically 
illustrated  in  Fig.  3. 
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Fig.  4.  SEM  micrograph  of  a  cleaved  facet 
of  an  MQH-BOG  laser. 


364 


Gallium  Arsenide  and  Related  Compounds  1986 


A  two-stage  epitaxial  growth 
was  carried  out  on  n-GaAs 
(100)  substrate  by  MBE  at 
680  C.  Silicon  ions  were 
implanted  before  2nd  growth. 

In  the  first  growth,  n-GaAs 
and  n-MQW  buffer  layers,  an  n- 
Alg.sGao.sAs  cladding  layer, 
an  undoped  MQW  active  layer 
and  p-Alg  _  2^*0 . 8*2  p-MQW 
guide  layers  were  grown 
succesively.  After  the  1st 
growth,  the  surface  of  the 
sample  was  coated  with  a  0.1  >im 
thick  Si02  layer  by  plasma  CVD 
and  a  1  pm  thick  photoresist 
which  was  masked  and  etched  to 
give  stripes  of  2  to  5  pm  wide. 

Silicon  ions  were  implanted 
through  the  Si02  layer  at  80 
keV  with  a  dose  of  3x10^*  cm"^. 

Implantation  parameters  and 
thicknesses  of  the  p-MQW 
optical  waveguide  layer  and  p- 
AlQ.iGaQ.gAs  layer  were 
designed  not  to  deteriorate 
the  undoped  active  MQW  layer 

by  the  Si  ion  implantation,  based  on  the  above 
mentioned  experiments.  After  implantation,  the 
photoresist  was  removed  by  dry  etching  and  the  Si02 
was  etched  by  buffer  HP.  Cladding  and  cap  layers 
were  grown  on  the  implanted  samples  after  thermal 
cleaning  at  700‘C  for  5  min.  The  wafer  was  annealed 
in  H2'^2  afioosphere  at  850‘C  for  60  min  in  face  to 
face  contact  with  another  GaAs  wafer.  This 
annealing  induced  the  disordering  of  the  implanted 
MQW  layer  outside  the  stripe  to  form  a  buried  MQW 
optical  guide.  The  MQW-BOG  structure  controls  the 
transverse  mode,  because  the  refractive  index  of 
AlGaAs  MQW  structure  is  larger  than  that  of  the 
averaged  AlGaAs  alloys  (Suzuki  and  Okamoto  1983) . 
In  addition,  the  pnpn  structure  formed  by  Si 
implantation  confines  current  flow  to  the  stripe 
region.  Contacts  of  Au-Ge-Ni/Au  and  Cr/Au  were  then 
applied  to  the  n-and  p-side,  respectively. 


current  (mA) 

Fig.  5.  Light-output  power  vs  current 
characteristics  for  an  MQW-BOG  laser. 


Fig.  6.  Far-field 
patterns  of  an  MQW 
-BOG  laser. 


These  processes  are  completely  planar  and  do  not 
require  any  etching  procedure  for  the  formation  of 

buried  optical  guide  structure.  An  endview  of  the  etched  cross  section  of 
the  laser  is  shown  in  the  scanning  electron  microscope  (SFM)  image  of  Fig. 
4. 


Typical  light  output  power  versus  current  (L-I)  characteristic  for  MQW- 
BOG  lasers  under  pulsed  operation  at  room  temperature  is  shown  in  Fig.  5. 
The  width  of  the  optical  guide  and  cavity  length  of  the  lasers  are  3.5  Aim 
and  500  pm,  respectively.  The  threshold  current  is  26  mA.  The 
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4.2  mW  7.0  mW  15mW 

Fig.  7.  Near-field  patterns  of  an  MQW-BOG  laser 
for  optical  output  at  15  mW. 

differential  quantum  efficiency  reaches 
70%  which  is  rather  high  compared  with 
MQW-BOG  lasers  fabricate  by  Zn 
diffusion-induced  disordering  (Semura 
et  al.  1985).  The  L-I  characteristic 
is  linear  up  to  40  mW. 

The  fat-field  patterns  of  an  MQW-BOG 
laser  are  shown  in  Fig.  6.  The  beam 
width  (full  width  at  half  maximum) 
parallel  and  perpendicular  to  the 
junction  plane  are  10°  and  37‘', 

respectively.  The  laser  operates 

stably  in  a  fundamental  transverse  mode 
even  at  about  60  mW.  The  neat-field 
patterns  of  an  MQW-BOG  laser  at 
different  output  powers  are  shown  in 
Fig.  7.  Even  at  a  high  current,  the 
first-order  mode  has  not  been  observed. 

These  results  show  that  the  MQW-BOG 
laser  acts  as  an  index-guided  laser. 

The  lasing  spectrum  for  an  MQW-BOG  laser  under  pulsed  operation  fl  >js  of 
pulse  duty  and  30  ns  of  width)  is  shown  in  Fig.  8.  Lasing  wavelength  is 

around  833  nm.  In  spite  of  the  pulsed  operation,  a  single  longitudinal 

mode  is  obtained  above  the  threshold  current.  This  result  suggests  that 
the  longitudinal  mode  of  the  MQW-BOG  laser  fabricated  by  Si  ion 
implantation  is  more  stable  than  conventional  index-guided  lasers. 

4.  Conclusion 

We  have  studied  the  Si-induced  disordering  of  Alg .sGag . jAs-GaAs  SL's  by 
SIMS.  Distinct  correlation  was  found  between  the  induced  disordering  and 
the  rapid  Si  diffusion.  Annealing  condition  dependence  of  the  disordering 
suggests  that  the  Al-Ga  intermixing  is  induced  by  the  vacancy  flow  enhanced 
by  the  Sijij-Siy  pair  movement  which  causes  the  rapid  si  diffusion.  These 
results  are  successfully  applied  to  the  fabrication  of  AlGaAs  MQW  lasers 
with  buried  MQW  optical  guide.  Fabricated  laser  has  shown  a  stable 
fundamental  transverse  mode  at  light-output  as  high  as  60  mW.  The 
fundamental  transverse  and  single  longitudinal  mode  operation  indicate 
that  the  MQW-BOG  laser  acts  as  an  index-guided  laser.  These  fabrication 


825  830  835  840 


wavelength  (nm) 

Fig.  8.  Lasing  spectrum  of  an 
MQW-BOG  laser  under  pulsed 
operation  for  optical  output  at 
8  mW. 
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processes  combined  with  the  focused  ion  beam  technology  will  be  useful  in 
the  fabrication  of  micro-optoelectronic  devices. 
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GaAs/AIGaAs  waveguide  with  grating  coupler  fabricated  by  selective 
superlattice  intermixing 
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C^ornell  University,  Phillips  Hall,  Ithaca,  NY  14853  USA 
Present  address;  HP  Laboratory,  Palo  Alto,  CA  94304 

Abstract .  Grating  couplers  have  been  fabricated  in  a 
GaAs/Alg  32Gao  68^3  superlattice  slab  waveguide.  The 
grating  *  teeth*  are  impressed  into  the  superlattice  by 
selective  Se  implantation- induced  intermixing  of  the  GaAs 
and  Alo,32Gao.68*s  layers,  yielding  a  planar,  rather  than 
corrugated,  surface.  Intermixing  of  the  implanted  and 
annealed  superlattice  layers  is  characterized  by  TEM  and 
Raman  spectroscopy.  Grating  coupling  is  demonstrated  using 
a  HeNe  laser  operating  at  X  =  1.15  ^im. 


1.  Introduction 

Localized  intermixing  of  semiconductor  superlattices  via  ion 
implantation  and  diffusion  of  both  donor  and  acceptor 
impurities  [Laidig  et  al .  1981;  Coleman  et  al .  1982;  Camras  et 
al .  1983;  Meehan  et  al.  1984a],  as  well  as  by  impurity-free 
vacancy  diffusion  during  high  temperature  annealing  in  the 
presence  of  an  Si02  capping  layer  [Deppe  et  al .  1986],  has 
recently  found  application  in  the  design  of  a  variety  of  novel 
laser  structures  (Deppe  et  al .  1986;  Meehan  et  al .  1984b; 

FuKuzawa  et  al .  1984;  Gavrilovic  et  al.  1985a;  Deppe  et  al . 
1985;  Gavrilovic  et  al .  1985b;  Thornton  et  al.l986;  Laidig  et 
al.  1984;  Ogura  et  al .  1984].  In  the  present  worR,  laterally 
selective  intermixing  of  GaAs/AlxGai-xAs  superlattices  is 
demonstrated  on  a  subroicron  scale  via  masxed  ion  implantation, 
and  the  technique  is  utilized  to  fabricate  a  planar  grating 
coupler (DaRss  et  al .  1970]  in  a  GaAs/AlxGai-xAs  optical 
waveguide  structure.  Grating  couplers  have  previously  been 
fabricated  in  GaAs/AlxGa^-xAs  waveguide  structures  by 
physically  corrugating  the  surface  via  ion  milling  or  chemical 
etching  [SomeKh  and  Casey  1977) . 

2.  Grating  Fabrication 

The  asymmetric  3-layer  slab  waveguide  structure  used  in  these 
experiments  consists  of  an  8000  n  superlattice  core  region  (40 
periods  of  100  n  GaAs  layers  alternating  with  100  9 
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32Gao. 68As  layers)  grown  on  top  of  a  1.0  micron 
§l0. 32Ga0.68As  cladding  layer  by  molecular  beam  epitaxy. A  1700 
8  layer  of  CVD  deposited  Si02,  along  with  a  4000  «  layer  of 
PMMA  resist  serve  as  the  implantation  masK.  Using  electron 
beam  lithography,  a  3500  8  period  grating  pattern  was 
generated  in  the  PMMA  and  then  transferred  into  the  SiO,  via 
reactive  ion  etching  in  a  CHF3  plasma.  The  waveguide  sample 
was  then  implanted  through  the  raasx  with  Se  ions  at  an  energy 
of  100  keV  and  a  dose  of  7  x  10l4  cm“2.  Following  removal  of 
the  mask,  the  sample  was  annealed  at  720OC  for  2  hrs .  in  a 
capless  annealing  system.  The  resulting  selective  intermixing 
of  the  GaAs  and  Alo^32Gao,68^®  layers  gives  rise  to  a  planar, 
rather  than  corrugated,  grating  with  "teeth"  consisting  of  an 
AlO .lOGao. 84^3  alloy  whose  refractive  index  is  slightly  less 
than  that  of  the  as-grown  superlatticelLeburton  et  al .  1983]. 
Figure  1  shows  a  Transmission  Electron  Microscope  (TEM)  cross- 
sectional  image  of  the  resulting  profile  -  the  grating  depth 
is  roughly  500-600  A,  which  corresponds  well  to  the  400  a 
projected  range  of  100  keV  Se  ions  in  GaAs  [Gibbons  et  al . 

1975J .  Although  the  intermixing  profile  appears  to  be  somewhat 
irregular,  the  grating  period  is  exceedingly  uniform,  and 
strong  diffraction  in  the  visible  wavelength  region  can  be 
observed  with  the  naked  eye.  Corrugated  grating  samples  were 
also  fabricated  foy  comparison  by  ion-milling  to  a  depth  of 
approximately  800  A  into  the  superlattice  through  the 
PMMA/Si02  mask. 


Figure  1.  Cross-sectional  dark-field  TEM  image  of  the 
selectively  Se  implanted  superlattice-core  waveguide  sample 
after  720OC  2  hr.  anneal. 


Optoelectronic  devices 


369 


3.  Raman  Scattering 

In  order  to  confirm  the  presence  of  both  as-grown  superlattice 
and  intermixed  alloy  in  the  grating  region,  room  temperature 
Raman  scattering  experiments  were  performed  on  as-grown, 
uniformly  implanted  and  annealed,  and  selectively  implanted 
and  annealed  samples  using  the  314S  S  line  of  an  Ar'*'  laser. 

The  frequency  of  the  lattice  vibrational  modes  can  be  used  to 
determine  the  composition  x  of  Al^Gai-x^s  alloy  samples 
[Ilegems  and  Pearson  1970].  In  addition,  Raman  scattering 
yields  the  vibrational  spectra  of  individual  layers  in  a 
superlattice  (Merz  et  al .  1970].  Results  are  shown  in  Figure 
2.  The  spectrum  of  the  as-grown  sample  (Fig.  2(a))  clearly 
shows  LO  phonon  peaxs  from  both  the  pure  GaAs  layers  (292 
cm“l)  and  the  AIq. 32Gao. layers  (279  cm“l) .  Following 
uniform  Se  implantation*  (no  masx)  and  annealing  at  720^0  for  2 
hours,  the  Retman  spectrum  (Fig.  2(b))  shows  only  a  single  LO 
phonon  peaK  whose  frequency  corresponds  to  an  AIq ^IgGag. 84*® 
alloy  (287  cm”l) ,  Indicating  extensive  intermixing  of  the 
original  superlattice  layers.  The  Retman  spectrum  of  the 
selectively  implanted  sample  (Fig.  2(c))  closely  resembles  a 
superposition  of  the  above  2  spectra,  indicating  the  presence 
of  both  intermixed  and  unmixed  regions  within  the  epitaxial 
layers,  in  agreement  with  the  TEM  image  of  Fig.  1.  In  the 
bacKscattering  geometry  used  in  the  above  experiments,  with 
both  incident  and  scattered  light  being  normal  to  the  <001> 
crystal  surface,  symmetry  selection  rules  [Hayes  and  Loudon 
1978]  forbid  optical  coupling  to  the  TO  modes  of  a  perfect 
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Figure  2.  Room  temperature 
Raman  spectra  of  (a)  as 
grown  superlattice-core 
waveguide  sample;  (b) 
uniformly  Se  implanted 
sample  following  720OC  2  hr 
anneal;  (c)  selectively  Se 
implanted  sample  following 
720°  2  hr  anneal  (^^^  =  5145 

n)  • 
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zincblende  crystal.  The  symmetry-forbidden  TO  peak  observed 
at  268  cm~3-  in  Figs.  2(b)  and  2(c)  is  evidence  of  residual 
post-anneal  damage  in  both  of  the  implanted  samples,  which 
agrees  with  previous  studies  of  Se  implanted  and  annealed 
superlattices  [Ralston  et  al.  1986]. 

4 .  Coupling  Measurements 

Grating  coupling  to  the  waveguide  modes  has  been  evaluated 
using  a  HeNe  laser  operating  at  a  wavelength  of  I.IS  microns. 
At  this  wavelength,  waveguide  dispersion  calculations  predict 
that  the  structure  will  support  fundamental  and  first  order 
modes  with  both  TE  and  TM  polarizations.  The  coupling 
characteristics  of  both  planar  and  corrugated  samples  were 
studied  by  monitoring  the  guided  mode  output  intensity  from  a 
cleaved  facet  as  a  function  of  the  incident  laser  becim  angle 
with  respect  to  the  sample  normal  (OaKss  et  al .  1970]. 

Results  are  shown  in  Fig.  3.  The  incident  beam  polarization 
has  been  oriented  30°  out  of  the  reflection  plane,  as  shown  in 
the  inset  of  Fig.  3,  in  order  to  excite  both  TE  and  TM  modes. 
The  mode  assignment  agrees  with  3-layer  (AlGaAs  cladding, 
superlattice,  air)  waveguide  dispersion  calculations.  Mode 
polarizations  have  been  confirmed  by  placing  a  polarization 
analyzer  between  the  output  facet  and  the  detector.  The 
discrepancy  between  coupling  angles  for  the  two  different 
grating  structures  may  be  related  to  the  different  loading  of 
the  waveguide  by  the  gratings.  Grating  efficiencies  will  be 
the  subject  of  further  study. 


INCIDENT  ANGLE  (degrees) 


Figure  3.  Coupling  characteristics  of  planar (intermixed)  and 
corrugated (ion-milled)  grating  samples.  The  scattering 
geometry  is  illustrated  in  the  inset:  I  =  incident  beam,  R  = 
reflected  beam,  G  =  guided  mode  output  from  cleaved  facet,  9  = 
incident  angle,  ^  °  angle  between  incident  polarization  and 
reflection  plane. 
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5.  Summary 

Laterally  selective  intermixing  of  GaAs/Alg^  32Gao.  58AS 
superlattices  on  a  submicron  scale  has  been  demonstrated  via 
masKed  Se  implantation  and  annealing.  Raman  spectroscopy  and 
TEM  have  been  used  to  characterize  the  intermixing  profiles. 

As  an  application  of  the  process,  a  planar  grating  coupler  has 
been  fabricated  in  a  GciAs/AlGaAs  optical  waveguide  and  tested 
successfully  at  X  =  1.15  ut. 
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Abstract  Three  modifications  of  the  twin  channel  laser  structure  have 
been  fabricated  and  characterized  for  continuous  wave  power  and  spectral 
limitations  in  superlumlnisoent  diode  (SLD)  behavior.  The  conventional 
antlrefleotive  coating  technique  produced  lasing  -  limited  power  less 
than  iOmW.  Fabry-Perot  spectral  modulation  was  typically  greater  than 
50  percent  at  7mW.  The  angle  stripe  approach  yielded  thermal  -  rollover 
limited  powers  of  30mW.  Spectral  halfwidth  of  160  A  and  5$  Fabry-Perot 
modulation  were  typical. 

1 .  Introduction 

Conventionally,  SLDs  are  fabricated  by  coating  the  front  facet  of  a  laser 
diode  chip  with  a  quarter  wave  thickness  of  material  whose  refractive 
index  equals  the  square  root  of  gallium  arsenide's  refractive  index  (N. 
Dutta  et  al,  1983).  Tiie  diode  output  power  useful  for  gyro  applications 
is  typically  limited  by  Fabry-Perot  modulation  to  5mW. 

Two  different  approaches  to  SLD  fabrication  are  described  that 
discriminate  more  strongly  against  lasing.  Each  technique  used  the  twin 
channel  laser  (TCL)  structure  (C.  Morrison  et  al,  1985)  has  produced  at 
least  15mW  cw  output  with  1  and  30  percent  Fabry-Perot  modulation  for  the 
methods  of  angled  stripe  and  truncated  stripe,  respectively. 


2.  Antlreflective  Facet  Coating 

Theoretical  limits  for  facet  reflectivity  resulting  of  a  quarter  wave 
thickness  of  dielectric  are  model  dependent,  ranging  from  10”  (R.  Clarke 

et  al,  1983)  to  10”’  (Kaplan  et  al,  1985).  Detailed  model  results  show  a 
non-  zero,  quarter  wave  reflectivity  due  to  the  spread  of  angles  that  make 
up  the  waveguide  mode.  The  best  single  layer  antirefleo,tIve  coating 
reported  to  date  has  a  reflectivity  of  lO”  (Paoll  et  al,  1985). 


Cleaved  bars  and  soldered  chips  were  coated  with  silicon  monoxide  or 
titanium  zirconium  dioxide.  For  some  coating  runs  an  in  situ  optical 
monitor  was  used  to  determine  when  a  quarter  wave  thickness  had  been 
obtained.  For  other  coating  runs  on  soldered  chips,  the  Increase  in  the 
pulsed  laser  threshold,  monitored  during  deposition,  was  used  to  determine 
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the  quarter  wave  thickness.  The  threshold  and  optical  monitoring 
technique  produced  similar  device  reflectivities  as  evidenced  by  the 
coating-induced  change  in  pulsed  laser  threshold  (Table  1).  Contrary  to 
theory,  (Kaplan  et  al,  19811)  we  did  not  find  that  optimal  thicknesses 
were  higher  for  pulsed  threshold  monitoring  (minimal  modal  reflectivity) 
than  for  optical  monitoring  (minimal  plane  wave  reflectivity). 

Table  1 .  Antlreflective  Coating  Results 

Change  in 


SLD  Process 
Level 

Material 

Refractive 
Index  at  .63  um 

Monitor 

Laser 

Threshold 

Soldered 

chip 

TiZrOj 

1  .9 

Optical 

2 

Soldered 

chip 

TiZrOj 

1.9 

Threshold 

2 

Cleaved 

bar 

SiO 

1 .86 

Optical 

2.5 

Silicon  monoxide  was  superior  to  TlZrOj  but  CW  lasing  still  occured.  The 
larger  changes  in  pulsed  thresholds  (three  times  unseated)  achieved  by 
Xerox  (Paoll  et  al,  1985)  are  attributed  to  their  material  (ZrOj)  better 
matching  the  desired  film  refractive  index.  Characteristic  spectral 
behavior  for  antlreflective  coated  laser  chips  is  that  the  Fabry  -  Perot 
modulation  Increase  and  the  spectral  half-width  decrease  as  the  power  is 
increased  (Figure  1). 


la) 


(b) 


10 


Figure  1 .  Powei — Spectra  characteristics  for  a  laser  chip  with  TiZr02  on 
its  front  facet,  a.  Powei — current  relationship,  b.  5  mW 
spectra,  c.  10  mW  spectra. 

To  suppress  lasing  at  higher  optical  powers,  a  quarter-wave  thickness  of 
silicon  monoxide  was  simultaneously  applied  to  the  facet  and  to  a  small 
length  of  the  conducting  stripe.  Die  shear  testing  exposed  the  SLD  chip 
for  wetting  length  correlation  with  power-spectra.  For  too  much  non- 
wettlhg,  unpumped  absorption  is  too  severe  and  SLD  power  reduced.  For  too 
little  non-wetting,  the  device  performs  as  a  laser.  Spectra  at  1 3mW  for 
conditions  of  proper  truncation  and  insufficient  truncation  are  shown  in 
Figures  2a  and  2b,  respectively.  At  18mW,  the  truncated  stripe  SLD 
spectral  width  decreases  with  normally  50J  Fabry-Ferot  modulation. 
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Figure  2.  Wetting  length  influence  on  spectra,  a.  Spectra  for  SLD 
with  proper  truncation,  b.  Spectra  for  SLD  with  improper 
truncation. 

3.  Angled  Stripe  SLD 


Angle  stripe  SLDS  are  fabricated  by  photolithographically  misaligning  the 
stripe  waveguide  of  the  twin  channel  laser  with  respect  to  the  SLD  chip's 
cleavage  plane.  Single  pass  amplified  spontaneous  emission  upon  Fresnel 
reflection  from  the  cleave  will  not  be  captured  by  the  transverse 
waveguide.  To  prevent  cleave  reflected  light  from  coupling  back  into  the 
gain  stripe,  the  misalignment  angle  (6)  most  be  greater  than  half  the 
critical  angle  of  the  transverse  waveguide.  The  SLD  output  refracts  at 
angle  of  arcsln  (sin  0/3. 61  with  respect  to  the  cleave.  The  angular 
relationships  of  angle  stripe  SLD  behavior  a."e  summarized  in  Figure  3. 


Figure  3.  Conditions  of  angle  stripe  SLD  operation 


The  parallel  far  field  for  a  device  with  5°  stripe  misalignment  with 
respect  to  the  cleave's  normal  (0°  reference)  had  a  maximum  beam  intensity 
at  18°  (Figure  *1).  Devices  from  this  particular  wafer  had  a  curved  active 
layer  which  reduced  the  spot  size  paralled  to  the  epilayers  yielding  a 
far-fleld  full  width  at  half  maximum  of  12°.  Flat  active  layer  angle 
stripe  SLDs  were  typically  9°  wide  In  the  parallel  far  field. 

For  the  angle  stripe  SLD,  power  nonllnearly  increases  as  a  function  of 
drive  current  to  1  to  5mW  with  linear  operation  above  this  power  (Figure 
5).  The  analytical  relationship  between  power  P  and  current  I  is: 


6  R 


P(I)- 


sp  j^rclDL  _  where  the  gain 


G(I) 


A(I-b) 


G(I) 
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Figure  H.  50  angle  stripe  SLD 
parallel  far-field 


Figure  5.  Power  as  a  function  of 
current  for  an  angle 
stripe  SLD. 


Rgp  Is  the  total  spontaneous  emission  rate  per  unit  volume,  f  is  the 
fraction  of  light  intensity  overlap  with  the  active  layer,  Pggj.  is  the 
gain  saturation  intensity,  and  8  is  the  fraction  of  that  spontaneous 
emission  captured  by  the  waveguide. 

In  the  expression  for  gain  dependence  on  current,  A  Is  typically  0.0A5 
om/Amp  and  b  is  typically  AkArap/cm^  at  room  temperature.  A  varies  with 
temperature  as  1/T  and  b  changes  as  FT  (Thompson,  1980).  The 
experimentally  strong  temperature  dependence  of  angle  stripe  SLD  power- 
current  slope  is  due  to  the  small  value  of  A,  to  heterobarrier  current 
leakage,  and  to  the  need  for  improved  heat  sinking.  All  reported  devices 
were  soldered  epitaxial  side  down  to  silicon  submounts  with  AuSn  solder. 
The  lOmW  power  level  Tg  for  SLDs  is  normally  60°K. 


To  prove  the  independence  of  the  angle  stripe's  power  output  upon  back 
facet  reflectivity,  we  deposited  a  high  reflectance  coating  (two  stacks  of 
aluminum  oxide  and  silicon)  on  the  back  facet  of  a  cleaved  bar  angle 
stripe  SLDs.  There  was  no  post  deposition  change  in  the  SLD  power  or 
spectral  performance. 

Comparing  the  TCL  and  Xerox's  angle  stripe  device  (Scrifes,  1973),  the 
distinguishing  device  property  is  the  absence  of  lasing  for  a  properly 
grown  TCL  angle  stripe  SLD.  The  Xerox  structure  does  not  suppress  between 
cleave  lasing.  This  results  in  a  lasing  beam  at  0°  to  the  cleave's  normal 
in  addition  to  the  expected  refracted  SLD  beam.  The  two  effects  compete 
for  the  same  drive  current  reducing  the  SLD  efficiency.  Lasing  is 
suppressed  by  structurally  forcing  substrate  absorption  for  the  between- 
cleave  waveguide  mode. 


Characteristically,  the  spectral  halfwidth  narrows  and  peak  wavelength 
decreases  with  increased  drive  current  (Figure  6a).  Spectral  data 
concerning  peak  wavelength  and  halfwldth  was  recorded  and  analyzed  by  an 
Ando  spectrum  analyzer  (Figure  6b).  Heating  shifts  the  peak  to  longer 
wavelengths  as  the  current  squared  while  the  current-induced  (band 
filling)  peak  shift  changes  linearly  to  shorter  wavelengths.  Heating 
narrows  and  current  broadens  the  gain  spectra.  The  power  spectra  narrows 
for  mostly  due  to  the  increased  arapllf Icatlon  by  gain  center  wavelengths 
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(Thompson,  1980).  Higher  resolution  spectra  (Figure  6c)  shows  a  detection- 
limited  311  Fabry-Perot  modulation  at  lOmW. 


Figure  6.  Angle  stripe  SLD  spectral  characteristics,  a.  Peak  and 

halfwldth  dependence  on  drive  current,  b.  Typical  low  resolution 
Ando  spectra,  c.  High  resolution  spectra. 

The  spectra  were  measured  by  a  one  meter  monochromator  with  cooled  SI 
photomultiplier.  Data  was  taker,  at  5  urn  (0.2  A  resolution)  slit  width. 


Collimating  the  SLD  with  a  0.2  NA  microscope  objective  and  passing  it 
through  a  Glan-Thompson  prism  polarizer,  the  polarization  parallel  to  the 
epilayers  was  three  times  greater  than  that  perpendicular  to  the 
epilayers.  This  ratio  was  the  same  for  four  different  angle  stripe  SLDS. 
Crystal  growth  runs  of  angle  stripe  SLDs  with  curved  (Figure  7a)  and  flat 
(Figure  7b)  active  layers  were  compared  for  power  performance.  The  power 
distribution  from  evaluation  sample  diodes  of  both  lots  are  shown  in 
(Figure  7c).  BAR  IS  1  MICRON 


CURVED  WAFER  SL026 


PLANAR  WAFER  SL027 


Figure  7.  a.  SEM  microphotograph  of  curved  active  layer  angle  stripe,  b. 
SEM  microphotograph  of  flat  active  layer  angle  stripe. 
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mW 

Figure  7c.  Power  distribution  for  curved  and  flat  active  layer  wafers. 

The  yield  was  higher  for  the  curved  active  layer  wafer.  Average  slope 
efficiency  was  .25mtf/tnA  for  the  curved  active  layer  devices  and  .15mW/niA 
for  the  flat  active  layer  devices. 

A .  ■  Conclusion 

Tight  fabrication  tolerances  on  matching  the  chip  modal  index  to  the 
coating's  desired  refractive  index  results  in  a  low  yield  process  for  the 
technique  of  antireflectlvely  coating  a  laser  chip  to  make  an  SLD.  By 
angling  the  gain  stripe  at  5°  to  the  cleaved  facet  normal,  modal  facet 
reflectivities  of  0.1?  were  achieved.  The  angle  stripe  TCL  has  suppressed 
lasing,  in  all  devices  to  date,  up  to  thermal  rollover  powers  as  high  as 
jOmW.  The  spectral  halfwidth,  typically  150  A  ,  narrowed  with  increased 
power . 
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Reliable  high  power  1.3  micron  DCPBH  laser  diodes 


E.A.  Rezek,  D.  Tran,  and  L.  Yow 

TRW-Eleotro  Optics  Research  Center,  El  Segundo,  CA  902A5 


Abstract  1.3  micron  wavelength  laser  diodes  have  been  fabricated  which 
operate  at  90  mW  CW  Junotion-side-up.  110  mW  CW  has  been  achieved  at 
8°C.  Accelerated  aging  tests  have  been  performed  on  unscreened  diodes 
at  tO^C  at  ?  and  10  mW  CW.  20  mW  cw  testing  has  been  performed  at  room 
temperature.  No  significant  degradation  is  observed  during  the  2000  hr 
test  period. 

1 .  Introduction 

The  double  channel  planar  buried  heierostructure  (DCPBH)  laser  diode  (Mito 
1982)  is  one  of  the  most  efficient  laser  structures  operating  at  1.3 
microns.  The  narrow  me.sa  active  layer  and  p-n-p-n  InP  blocking  layers 
combine  to  provide  high  quantum  efficiency.  With  special  modifications 
the  DCPBH  structure  is  also  capable  of  high  power  operation.  Several 
modifications  have  been  implemented  and  are  described  below.  Fig.  1  shows 
the  output  power  attained  .as  a  function  of  development  time.  Up  to  200  mW 
has  been  demonstrated  (100  mWffacet)  at  1.3  microns.  A  diode  reliability 
program  has  been  carried  out  in  parallel  with  the  demonstration  of  high 
power.  Accelerated  aging  has  been  performed  at  constant  output  power  to 
assess  device  MTTF.  No  significant  degradation  has  been  observed  after 
10^  device  -hours  at  20mW  CW. 


Figure  I.  DCPBH  diode  power  versus  time 
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2.  Background 

The  DCPBH  device  structure  is  the  baseline  diode  for  high  power  and  high 
reliability  demonstration.  The  emitting  area  of  the  diode  is  defined  by 
chemically  etching  a  narrow  mesa  active  region.  Current  confinement  is 
provided  by  p-n-p-n  blocking  layers  grown  around  the  mesa.  The  mean 
threshold  current  for  53  devices  fabricated  from  a  typical  wafer  is  24.04 
raA  with  a  3.3  mA  standard  deviation.  Threshold  currents  as  low  as  10mA 
have  been  measured,  and  quantum  efficiencies  as  high  as  35$/facet  have 
been  demonstrated.  The  DCPBH  structure  was  initially  optimized  for  low 
threshold  and  high  quantum  efficiency.  Standard  devices  were  tested  for 
maximum  output  power  and  up  to  33  mH  CW  was  achieved.  On  the  basis  of 
these  results,  special  consideration  was  given  to  improving  the  output 
power  of  the  DCPBH  laser  diode  geometry.  The  results  are  described  below. 

3 .  High  Power  1.3  Micron  Laser  Diodes 

The  refractive  index  difference  between  the  InGaAsP  active  layer  and  air 
provides  a  natural  laser  diode  facet  reflectivity  of  32?,  meaning  that 
only  a  portion  of  the  stimulated  emission  actually  exits  the  diode 
cavity.  Application  of  an  anti-reflection  (AR)  coating  to  the  output 
facet  reduces  the  amount  of  power  reflected  back  into  the  cavity  and 
increases  the  power  emitted  from  that  facet.  A  high  reflectivity  coating 
deposited  on  the  back  facet  of  the  diode  forces  all  the  light  out  of  the 
AR  coated  facet,  again  increasing  the  power  emitted  from  that  facet. 

Electron  beam  evaporation  was  used  to  deposit  an  AR  coating  of  AI2OJ  on 
the  output  facet.  The  refractive  index  was  controlled  to  yield  a  facet 
reflectivity  of  roughly  5t.  A  dielectric  mirror  was  developed  for  the 
high  reflectivity  coating.  A  4-layer  composite  film  of  alternating  layers 
of  AljOo  and  amorphous  Si  (a-Sl)  was  used  to  Increase  the  back  facet 
reflectivity  to  over  95?.  Fig.  2  demonstrates  the  output  power 
Improvement  due  to  the  application  of  facet  coatings  to  the  DCPBH 
structure.  A  maximum  CW  output  power  of  55  raw  is  measured  from  a  device 
mounted  Junctlon-up  on  a  SI  heat  sink.  An  uncoated  diode  from  the  same 
wafer  saturates  at  33  mW  CW.  Since  the  comparison  of  Fig.  2  is  between 
champion  diodes  from  the  same  wafer,  the  67?  increase  in  output  power  is 
due  entirely  to  the  facet  coating. 

Increasing  the  diode  cavity 
length  is  also  effective  in 
increasing  the  output 
power.  A  longer  cavity 
exploits  the  high  internal 
gain  of  the  device  and 
directly  reduces  the 
operating  current  density. 

Fig.  3  demonstrates  the 
effect  of  a  longer  diode 
cavity  on  output  power.  As 
the  length  is  increased  from 
250  to  500  microns,  the 
maximum  CW  power  is 
Increased  from  33  to  44 
mW.  The  diodes  of  Fig.  3 
are  uncoated  and  are  mounted 


Fig.  2  Effect  of  facet  coating  on 
CW  output  power. 
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Junctlon-up  on  SI.  Diodes 
from  the  same  wafer  are 
compared  so  that  the  only 
experimental  variable  is 
cavity  length.  Note  that  as 
expected  the  efficiency  is 
lower  for  the  longer  diode; 
the  250  pm  long  device  has 
an  efficiency  of  0.33  mW/mA 
while  the  500  pm  long  device 
efficiency  is  0.22mW/mA. 
Also,  as  the  cavity  length 
is  doubled,  the  threshold 
current  is  increased  by  70? 
from  13  to  22  mA. 


Fig.  3.  Effect  of  cavity  length 
on  CW  output  power. 


Fig.  A  shows  the  P-I  versus  temperature  characteristics  of  a  500  micron 
long  facet  coated  device.  At  room  temperature  70  mW  CW  is  measured;  at 
0°C,  the  output  power  is  increased  to  over  lOOmW.  Additional  external 
modifications  to  the  DCPBH  diode  resulted  in  minimal  increases  in  output 
power. To  increase  output  power  beyond  the  data  of  Fig.  y,  internal 
modifications  to  the  DCPBH  structure  were  required.  A  parametric  study 
was  carried  out  to  improve  the  doping  profile  of  the  diode  structure. 

Five  distinct  doping  modifications  were  implemented  and  correlated  with 
maximum  output  power.  Furthermore,  changes  were  made  in  device  processing 
to  determine  the  effect  of  variations  in  channel  width  and  channel  depth 
on  output  power.  As  a  result,  an  improved  DCPBH  geometry  was 
identified.  Fig.  5  shows  the  improvement  in  output  power  resulting  from 
Internal  diode  modifications.  At  room  temperature  over  90  mW  CW  is 
measured  from  a  500  micron  long  facet  coated  diode  mounted  junction-up  on 
Si. 


Fig. 


SO  100  150  200  250  300  350  400 
I  (mA) 

A.  P-I  vs  T  characteristics 
500  micron  long  facet 
coated  diode. 


Fig.  5.  Output  power  of  improved 
DCPBH  diode. 


Higher  power  is  achieved  using  50?  duty  cycle  excitation,  due  to  the 
reduced  diode  heating.  At  50?  duty  cycle,  over  90  mW  is  measured  from  a 
500  micron  long  device  without  facet  coatings  as  shown  in  Fig.  6.  This 
corresponds  to  90  mW/facet.  At  Ib^C,  the  diode  of  Fig.  6  is  capable  of 
over  100  mW/facet  of  output  power.  The  diode  is  also  mounted  junction- 
side  up  on  Si.  Proper  application  of  facet  coatings  would  result  in  200 
mW  of  usable  power.  The  maximum  CW  power  obtained  from  a  DCPBH  diode  is 
shown  in  Fig.  7. 
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6.  50*  duty  cycle  operation 

Fig.  7.  Maximum  CW  DCPBH  output 

uncoated  diode. 

power. 

Over  1 1 0  mW  has  been  demonstrated  from  a  500  micron  long  facet  coated 
diode  mounted  Junction-down  on  a  synthetic  diamond  heat  sink. 

The  diode  was  cooled  to  fioc.  Over  120  mW  was  obtained  at  50*  duty 
cycle.  Further  junction-down  mounting  development  is  underway  and  is 
expected  to  result  in  significantly  higher  output  power.  Diodes  mounted 
Junction-up  on  Si  operate  CW  to  95°C.  Junction-down  mounting  Increases 
the  maximum  CW  temperature  to  IlS'C.  Junction-up  mounting  results  in  a 
more  reliable  diode  (Fujita  1985),  but  highest  output  power  will  be 
obtained  from  a  device  mounted  Junction-down. 


0  100  200  300  400  500 

I  (mA) 

Fig.  8.  Maximum  CH  power  at  1.2  micron  wavelength 
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Many  systema  applications  for  high  power  InCaAsP  laser  diodes  require  bi¬ 
directional  data  transfer.  This  is  easily  accomplished  if  the  laser 
diodes  operate  at  two  distinct  wavelengths.  For  these  applications,  DCPBH 
laser  diodes  operating  at  a  wavelength  of  1 .2  microns  have  been  developed 
and  optimized  for  high  power  operation.  Fig.  8  shows  the  maximum  power 
demonstrated  at  1.2  microns.  Over  65  raW  CW  is  measured  from  a  500  micron 
long  facet  coated  diode  mounted  Junction-down  on  Si.  Without  facet 
coating  a  500  micron  long  device  mounted  junction-up  on  Si  saturates  at  37 
mW  CW. 


Fig.  9.  50^C  5mW  llfetest  data 
un-screened  diodes. 


Fig.  10.  50‘’C  lOmW  lifeiest  data 
for  un-soreened  diodes. 


9.  Rel lability 

The  evaluation  of  diode  lifetime  is  simplified  by  the  fact  that  the 
degradation  of  the  device  can  be  thermally  accelerated.  Using  a  known 
activation  energy,  the  room  temperature  meantime  to  failure  (MTTF)  can  be 
extrapolated.  DCPBH  reliability  was  assessed  by  operating  the  units  at 
constant  power.  Fig.  9  shows  data  for  2000  hr  of  operation  of  10  diodes 
at  SO^C  and  5  mW.  Diodes  were  selected  from  two  different  wafers.  The 
tested  units  were  not  pre-screened  or  burned-in  prior  to  accelerated 
aging.  At  2000  hr  the  test  was  terminated.  There  is  no  evidence  of 
device  degradation  during  the  test.  Fig.  10  shows  accelerated  aging  data 
for  3  un-screened  diodes  operating  at  SO'C  and  10  mW  CW.  The  population 
degradation  rate  was  6.95  x  10"  A/hr.  Using  a  501  increase  in  operating 
current  as  the  failure  criterion,  the  MTTF  at  50°C  and  10  mW  CW  is  9.5  x 
10^  hr. 


The  highest  power  lifetesting  was  performed  at  room  temperature  at  a 
constant  CW  power  of  20  mW.  The  data  generated  by  5  un-screened  devices 
is  shown  in  Fig.  II.  After  2000  hrs  of  operation,  no  significant  Increase 
in  the  operating  current  is  measured.  One  tested  diode  was  facet  coated; 
no  difference  in  performance  is  observed.  The  data  of  Fig.  11  shows  that 
the  DCPBH  diodes  are  extremely  reliable  under  high  power  operation.  It  is 
important  to  note  that  the  diodes  were  not  pre-screened  in  any  manner. 
Additional  lifetesting  has  been  performed  and  data  is  available  on  over 
10^  device-hours.  Even  without  pre-screening  no  device  failures  have  been 
recorded.  Lower  degradation  rates  and  longer  MTTFs  will  be  attained  by 
implementation  of  a  rigorous  pre-screening  lest  to  eliminate  inferior 
devices  (Ikegaml  1983,  Nakano  1983,  Nakano  1989,  Kuindersma  1985,  FuJ ita 
1985). 
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Fig.  11.  20  mW  room  temperature  lifetest  data 
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1 .  Introduction 

Tluoride  glasses  are  promising  materials  for  optical  fibers  since  an 
intrinsic  attenuation  of  lO'^db/Km  is  predicted  (Shibata  et  al  1981)  at  a 
wavelength  of  3.44pm  as  compared  to  0.16db/Km  at  1.6pm  for  silica.  The 
present  state  of  art  is  only  at  0.7db/Km,  at  a  wavelength  of  2.5pm:  but 
if  progress  in  these  new  fibers  is  as  fast  as  for  silica-based  fibers, 
studies  on  adapted  sources  must  start  now. 

The  3pm  wavelength  range  requires  new  materials  for  sources.  Among  III-V 
compounds  semiconductors,  there  are  only  two  candidates,  InCaAsSb  and 
InAsPSb  quaternary  alloys,  both  lattice  matched  to  either  CaSb  or  InAs 
substrates.  Me  have  chosen  to  study  the  latter  system,  because  the 
miscibility  gap  present  in  that  alloy  is  outside  the  range  of  interest 
for  emission  .  Moreover,  the  refractive  index  decreases  when  the  bandgap 
increases,  so  that  the  same  alloy  can  be  used  as  confinement  layer. 
However,  this  miscibility  gap,  which  extends  on  the  high  bandgap  side,  is 
troublesome  for  the  confinement  layer,  because  it  limits  the  energy  gap 
barrier  between  the  active  and  confinement  layers. 

We  propose  to  study  in  this  paper  the  limitations  of  the  InAsPSb/InAs 
system.  We  present  first  solid  phase  instability  and  liquid-solid  phase 
equilibrium  calculations  in  the  quaternary  alloy.  Liquid  phase  epitaxial 
(LPE)  growth  conditions  are  then  described  and  limitations  on  high 
bandgap  alloy  growth  are  determined.  Monolayers  and  double 
heterostructures  are  characterized,  and  a  model  is  proposed  to  estimate 
the  threshold  current  density  of  such  a  laser  structure. 

2.  Solid  phase  instability  and  liquid-solid  phase  equilibrium 
calculations 

The  spinodal  curves,  separating  the  unstable  from  the  stable  or 
metastable  InCAs^.^.yPxSby)  solid  regions  were  calculated  using  the  delta 
lattice  parameter  (OLP)  model  of  Stringfellow  (1974).  This  calculation 
shows  that,  as  in  other  III-V  compounds  with  miscibility  gap,  the 
extension  of  the  immisclbillty  domain  is  reduced  when  the  temperature  is 
increased.  Thus  high  temperatures  are  necessary  to  obtain  phosphorous 
rich  alloys,  ie  large  bandgap  alloys.  The  spinodal  curve  is  represented 
on  fig.l  (curve  A),  where  the  maxima  of  solid  composition  x(InP)  lattice 
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matched  to  InAs  (y ( InSb)=0 . A7x( InP) )  are  plotted  as  a  function  of 
temperature. 

Using  the  same  DIP  model,  the  liquid-solid  phase  equilibrium  of  the 
quaternary  alloy  was  calculated.  Fig. 2  shows  the  isotherms  of  solid 
composition  lattice  matched  to  InAs  as  a  function  of  liquid  composition. 
A  peculiar  result  is  that  all  these  curves  pass  through  a  maximum  in 
x(InP),  and  that  the  lower  the  temperature,  the  higher  the  maximum. 
Curve  (B)  of  fig.l  represents  these  x(InP)  maxima  as  a  function  of 
temperature . 

Curves  (A)  and  (B)  are  the  frontiers  of  the  allowed  composition  region 
for  LPE  growth.  Their  intersection  represents  the  highest  bandgap  alloy 
which  can  be  grown  :  x{InP)=0.45  ;  the  corresponding  growth  temperature 
is  TxBlOK. 


Fig.  1  Plot,  as  a  function  of  temperature, 
of  solid  composition  maxima  x(InP)  lattice 
matched  to  InAs,  allowed  from  (A)  solid 
phase  instability  calculations  and  (B) 
from  liquid-solid  phase  equilibrium 
calculations.  The  experimental  points  ace 
also  represented. 


Fig.  2  Isotherms  of  lattice 
matched  solid  compositions 
x(InP)  ,  versus  liquid 
compositions  xl(Sb). 


3.  Epitaxial  growth  and  characterization 

InAsPSb  alloys  were  grown  by  LPE  on  (100)  oriented  InAs  substrates,  using 
the  single  phase  technique.  Liquidus  temperatures  were  measured  by 
direct  observation  through  a  transparent  furnace,  but  were  made  difficult 
and  inaccurate  because  of  melt  oxidation.  Growth  was  performed  at 
constant  temperature,  so  that  good  composition  homogeneity,  measured  by 
electron  microprobe  analysis,  was  achieved  along  the  growth  direction  for 
thicknesses  of  up  to  5pm  (Kobayashi  et  al  1981). 
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The  different  alloy  compositions  which  have  been  grown  are  shown  on 
fig.l.  The  highest  phosphorous  solid  composition  lattice  matched  to  InAs 
which  could  be  grown  was  x(InP)=0.39.  However,  the  sample  surface  was 
slightly  rough  and  epitaxial  growth  was  not  reproducible.  This 
composition  is  very  close  to  the  maximum  value  (0.45)  calculated  in  the 
previous  section.  Proximity  of  the  instability  domain  can  explain  the 
growth  difficulties,  which  were  also  observed  by  fukui  et  al  (1981), 
using  organometallic  vapor  phase  epitaxy  (OMVPE).  This  technique  a)- 
the  erouth  of  x(InP)=0.46;  for  higher  values,  surface  degradation 
occurred,  as  in  LPE.  Easier  was  the  LPE  growth  of  the  x(InP)=0.30 
composition,  which  is  characterized  further  below. 

The  lattice  parameter  in  the  direction  perpendicular  to  the  surface, 
measured  by  x-ray  double  diffraction  using  the  (400)  symetric  reflection, 
was  found  to  be  very  sensit ive  to  supersaturation.  F Lg . 3  shows  the  relative- 
lattice  mismatch  Aa/a  as  a  function  of  growth  temperature:  a  Aa/a 
variation  of  about  5x10'^  per  degree  is  measured.  It  can  be  noticed  that 
positive  mismatches  are  mainly  obtained,  and  that  the  lattice  matching 
condition  corresponds  to  a  small  supersaturation.  Fig. 4  shows  the 
diffraction  profile  of  a  lattice  matched  layer:  the  full  width  at  half 
maximum,  A6,  of  layer  and  substrate  are  comparable  (29”  and  21" 
respectively),  which  is  a  criteria  of  epilayer  quality.  A6  values 
between  20”  and  30”  were  measured  by  Fukui  et  al  (1981)  onOKVPE  layers. 


■y 

.\ 


S6.’  S66  5" 

Fig.  3  Variation  of  the  relative 
lattice  mismatch  Aa/a  with  growth 
temperature  T,  at  constant  liquid 
composition. 


Fig.  4  X-ray  diffraction  profile 
of  a  1.5pm  thick  InAsPSb  layer. 


The  Schottky  barrier  electroreflectance  technique  (ER)  was  used  on  these 
samples  (fig. 5).  The  third  derivative  nature  of  the  low  field  ER  spectra 
allows  a  good  resolution  in  energy.  The  ER  was  measured  after  deposition 
of  a  Cu2S  film  used  as  a  biasing  electrode.  The  expe.imental  system  has 
been  described  elsewhere  (Alibert  1972).  He  find  at  Ti'AK  a  bandgap  of 
Eo:545meV  and  a  spin  orbit  splitting  of Aor475meV;  at  300K,  Eo=482meV. 
This  is  the  first  experimental  determination  of  Ao  in  this  material.  The 
Eo  value  is  in  close  agreement  with  the  result  obtained  by 
photoluminescence  (PL)  using  the  514nm  line  of  an  argon  laser.  The  PL 
peak  for  this  sample  occurs  at  an  energy  of  536meV  at  77K  and  has  a  half 
width  of  40ffleV. 
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E(eV) 


Fig.  5  Electroreflectance  spectra  fig.  6  Current-voltage  characteristic 
of  InAsPSb  at  300K  and  24K.  of  an  In(Aso.56Po.30Sbo.i4)/Io*s/ 

In(Aso.55Po.3o5bo.l4)  double 
heterostructure  at  300K. 


Double  heterostructures  were  grown  using  lo(Aso.36Po.305*’0. 14^ 

confinement  layer  and  InAs  as  active  layer.  There  was  no  dissolution 

problem,  and  flat  hetero-interfaces  were  obtained.  Te  and  Zn  were  used 
as  n  and  p  type  dopant  respectively  of  the  cladding  layers.  A  room 
temperature  current-voltage  diode  characteristic  is  shown  on  fig. 6.  At 
forward  bias,  the  rise  in  current  occurs  at  a  voltage  corresponding 
approximately  to  the  bandgap  energy  of  the  InAs  active  layer.  Using  the 
electroreflectance  measurements,  we  can  determine  the  bandgap  difference 
between  the  cladding  and  active  layer  ;  AEo  =  123meV.  Calculation  of  the 
refractive  index  (Alibert  et  al  1906)  leads  to  an  optical  confinement  of 
An  =  0.2  . 

4 .  Modelling  of  In(Aso . j^Pq , 3oSbo . ia)/InAs  double  heterostructures 

We  have  made  a  model  to  prtdiii  the  threshold  current  density  in  a  laser 
structure  such  as  the  experimental  one  described  above.  The  electronic 
band  structure  of  the  active  layer  was  taken  as  a  spherical  approximation 
of  Kane’s  five  band  model  (Kane  1937).  The  intervalence  band  absorption 
and  the  gain  were  calculated  using  Kane’s  model.  The  free  carrier 
absorption  and  the  mirror  losses  were  obtained  from  standard formul. if . 
The  threshold  carrier  density, ntU  was  determined  as  usual  by  equalizing 
losses  and  maximum  gain  in  the  cavity. 

Hr  itire.sliolil  current  density  was  calculated  as  the  sum  of  the 
recombination  in  the  active  layer  and  the  leakage  current; 

Jth  =  nth.q.w.d/tr  ♦  1/ta)  ♦  Jleak 

Jleak  is  the  diffusion  current  of  carriers  having  an  energy  larger  than 
AEo.  The  radiative  lifet ime  t  r  w.is  fah-ul.itud  f  rom  thu  Ff  rmi  Golden  rule, 
and  the  Auger  lifetime  ta  was  taken  as  1/ta  x  Ca.n^. 

The  main  uncertainty  comes  from  the  fact  that  the  Auger  coefficient  Ca 
has  not  been  measured  In  InAs.  We  think  that  the  best  estimation  can  be 
obtained  by  extrapolating  the  value  which  has  been  carefully  measured  in 
^''0.33^^0.47^^  (7. lO'^^cm^s'^  ,  Sermage  1986)  using  Suglmura’s  formula 

(Sugimura  1983): 
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Ca  •<  exp  [  {-(Eo-Ao)/kT}  /  { (2mh+nl)/ms-l}  ]  for  Eo  >  Ao 
Ca  <x  exp  [  (Eo-Ao)/kT  ]  for  Eo  <  Ao 

Me  suppose  that  the  dominant  Auger  process  in  InAs  and  InGaAs  is  CHM5 
because  the  difference  between  Eo  and  Ao  is  small  in  these 

materials.  This  leads  to  Ca  =  3.8.10“28cii,6s-l  InAs.  The  Auger 

coefficient  is  then  supposed  to  be  independent  of  temperature  (Sermage 
1984). 

The  results  of  the  calculation  are  summarized  below: 

-  Due  to  the  small  conduction  band  mass,  the  threshold  carrier  density 
is  small  (nth  =  5. 5. IQl^cm'^)  and  the  threshold  current  density  without 
Auger  recombination  and  leakage  is  small:  0th  =  240A/cm2. 

-  Mith  Auger  recombination,  Jth  =  lOOOA/cm^. 

-  Mith  Auger  recombination  and  leakage  over  the  barrier,  Jth  = 
5500A/cm2.  The  intervalence  band  absorption  is  small  (23cm*l)  and  the 
characteristic  temperature  To  at  room  temperature  is  about  63K.  This 
calculation  shows  that  in  this  structure,  the  largest  part  of  the 
threshold  current  is  the  leakage  current  and  not  the  Auger  recombination 
and  also  iliac,  reasonable  To  values  can  be  expected. 

5 .  Conclusions 


Me  have  shown,  from  thermodynamical  calculations,  that  under  lattice 
matching  conditions  to  InAs  substrates,  LPE  growth  of  InAsPSb  is  limited 
on  the  high  bandgap  side  to  a  solid  composition  x(InP)<0.45.  As  a 
consequence,  the  electrical  confinement  of  double  heterostructures  based 
on  this  material  will  be  small.  Mith  cladding  layers  made  of  the  best 
alloy  which  could  be  grown  by  LPE  (x(InP)=0.30),  an  energy  gap  barrier  of 
123meV  is  obtained  using  an  InAs  active  layer.  Double  heterostructures 
with  emission  wavclongchs  shorter  than  that  of  InAs  can  be  designed  using 
InAsPSb  low  bandgap  al  loys  as  active  layers;  but  this  is  to  the  detriment 
of  electrical  confinement. 

The  threshold  current  of  the  structure  was  calculated  by  taking  into 
account  radiative  and  Auger  recombination,  intervalence  band  absorption 
and  leakage  of  carriers  over  the  barrier.  Due  to  the  small  value  of  the 
conduction  band  effective  mass  in  InAs  and  to  the  small  energy  gap 
barrier,  the  largest  part  of  the  threshold  current  is  the  leakage  current 
and  not  the  Auger  recombination  current. 

List  of  parameters 

Active  layer 

Laser  length  :  L  s  200pm 
Thickness  :  w  :  Ipm 
Kane  matrix  element  :  Ep  =  22.2eV 
Bandgap  energy  :  Eo(300K)  :  336meV 

Eo(OK)  =  418meV 

Spin  orbit  splitting  :  Ao  =  380meV 

Conduction  band  mass  :  me  =  0.023mo 

Heavy  hole  mass  :  ah  =  O.33mo 

Light  hole  mass  :  ml  =  0.02Smo 

Spin  orbit  splitted  band  mass  :  ms  :  0.14mo 

Auger  recombination  coefficient  :  Ca  =  3.8.10"‘®cm8s"i 

Refractive  index  :  fi  s  3.52 
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Confinement  layer 

Bandgap  energy  :  Co(300K)  :  482meV 

Electron  mobility  :  pe  =  2000cm2v*ls*^ 

Hole  mobility  :  ph  =  lOOcm^yls"^ 

Electron  and  hole  lifetime  :  te  =  3.10"^s 
Doping  :  Nd  =  Na  =  10^®cm'^ 
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Abstract 


We  report  the  first  continuous  wave  high  power  GalnAsP-InP  semiconductor 
phase-locked  laser  arrays  fabricated  on  material  grown  by  two  step  low- 
pressure  inetalorganic  chemical  vapor  deposition  growth  technique. 


Multiple-stripe  GaAs-GaAlAs  lasers  have  been  shown  to  operate  to  pulsed 
output  powers  in  excess  of  1  W  with  stable  output  characteristics  (1). 
Stripe-to-stripe  coupling  has  been  deduced  in  GaAs-GaAlAs  system  from  the 
analysis  of  structure  in  the  far  fields  caused  by  interference  between 
the  individual  oscillating  stripes  in  the  arrays. 

Razeghi  et  al.  (?-3)  previously  showed  that  the  LP-MOCVD  growth  technique 
is  promising  for  large  scale  production  of  high  quality  GalnAsP-InP  Bu- 
ried-Ridqe  Structure  (BRS)  lasers  emitting  at  1.3  pm,  1.55  pm  and  DFB  la¬ 
sers.  Recently  we  have  been  studied  the  phase-locked  operation  of  GalnAsP 
InP  semiconductor  lasers,  with  the  eventual  goal  of  obtaining  high  powers 
into  narrow,  coherent  beams. 

In  the  case  of  GaAs-GaAlAs  system,  it  has  been  shown  that  Index-guided 
lasers,  are  intrinsically  more  coherent,  less  astigmatic,  and  more  stable 
than  gain-guided  devices  (4).  Here  we  report  on  phase-locked  operation 
from  a  7-unit  array  of  new  mixture  of  index-guided  and  gain-guided  devi¬ 
ces  ;  R idge- Is  I and-Laser-Arrays  (R.I.L.A.). 

The  high  power  laser  phase  locked  arrays  structure  was  manufactured  as 
f 0 1 1 ows  : 

First  the  following  layers  were  grown  successively  on  InP(Sn)  substrate 
with  orientation  (100)  exact  or  (100)2"  off. 

-  I  pm  InP  sulphur  doped  (n  =  1  x  cm'^)  for  confinement  layer. 

-  0.2  pm  undoped  GalnAsP  (1.3  pm  wavelength  composition)  for  active  layer 

-  100  A  undoped  InP  as  blocking  layer. 

-  100  S  uridoped  GalnAsP  for  waveguide  layer. 

Next,  the  arrays  consisting  of  7  stripes  of  2  pm  and  stripe-stripe  spa¬ 
cing  of  1  pm  was  etched  in  the  100  \  GalnAsP  layer,  through  a  photoli¬ 
thographic  resist  mask,  using  a  selective  etchant  composed  of  S0.H„-H,0,- 
H^O  (1:8  =  200).  ^  ^ 
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After  removing  the  resist  mask,  the  arrays  was  then  covered  by  a  1  ^lm 

17  -3 

thick  Zn  doped  InP  confinement  layer  (N.-Nr,  =  5  x  10  cm  )  and  0.5  pm 

^  ^  19  -3 

Zn  doped  GalnAs  contact  layer  with  =10  cm  .  In  order  to  locali¬ 

ze  the  injection  only  in  the  Ridge  Island  Laser  Arrays  (R.l.L.A.)  active 
region,  a  shalow  proton  implantation  was  realized  through  a  20  pm  wide 
photoresist  mask  after  the  metallisation  of  the  contacts  (see  Fig.  1). 
After  cleaving  and  scribing  into  chips  300  pm  length  and  300  pm  width, 
the  lasers  weremounted  epi-side  down,  onto  nickel-plated  copper  heatsinks 
using  indium. 

Room  temperature  pulsed  and  CW  threshold  of  220  mA,  with  a  external  quan¬ 
tum  efficiency  of  0.19  W/A  (pulsed)  and  0.13  W/A  (CW)  have  been  obtained 
(Fig.  2)  output  power  more  than  300  mW  at  2  A  pulse  modulated  (limited  by 
the  pulse  generator),  and  120  mW  at  1.3  A  (CW)  have  been  measured  with  no 
facet  coatings.  The  far  field  patterns  parallel  and  perpendicular  to  the 
junction  plane  under  CW  operation  for  10  mW  was  3  and  45  degrees  respec¬ 
tively  (Fig.  3).  These  measurements  confirmed  the  highly  coherent  output 
beam  with  strongly  phase  locked  operation  of  these  devices. 

In  conclusion,  CW  and  pulsed  phase-locked  operations  to  high  powers  have 
been  achieved  for  the  first  time  from  7-unit  arrays  of  new  mixture  of 
index-guided  and  gain-guided  (R.l.L.A.)  GalnAsP-InP  lasers  fabricated  by 
two  steps  LP-MOCVD. 


REFERENCE 

1  -  D.R.  SCIFRES,  W.  STREIFER,  and  R.D.  BURNHAM 

Appl.  Phys.  Lett.  34,  259,  (1978). 

2  -  M.  RAZEGHI,  R.  BLOMEAU,  K.  KAZMIERSKI,  M.  KRAKOUWSKI  and  J.P.  DUCHE- 

MIN,  Appl.  Phys.  Lett.  46,  131,  (1985). 

3  -  M.  RAZEGHI,  R.  BLONOEAU,  K.  KAZMCERSKI,  M.  KRAKOWSKI,  B.  DE  CREMOUX, 

J.P.  DUCHEMIN  and  J.C.  BOULEY,  Appl.  Phys.  Lett.  784,  (1984). 

4  -  D.  BOTEZ,  W.T.  TSANG  and  S.  WANG,  Appl.  Phys.  Lett.  28,  234,  (1976). 


Insl.  Phys.  Cotif.  Ser.  So.  fIJ:  Chapter  7 

Paper  presented  at  I nt.  Syinp.  Ga.'\s  and  Related  Compounds,  1ms  Vegas,  Nevada,  1986 


395 


Fe-doped  InP  hydride  vapor  phase  epitaxy  for  high  speed  buried 
heterostructure  laser  diodes 


4^ 

Yoshitake  Kato,  Akira  Usui  ,  Taibun  Kamejima 
Shigeo  Sugou  and  Kenichl  Kasahara 

Opto-electronlcs  Res.  Labs.,  *Fundamental  Res.  Labs., 
Resources  and  Environment  Protection  Res.  I.abs.,  MEC  Corporation 
4-1-1  Miyazaki,  Miyamae-Ku,  Kawasaki-City,  Kanagawa  213,  Japan 


Abstract.  Highly  resistive  Fe-doped  TnP  hydride  VPE  has  been  developed 
for  blocking  layer  growth  in  TnGaAsP/InP  BH  lasers.  Fe  metal  charged 
with  Tn  source  was  used  for  Fe  doping  source.  Doped  Fe  concentration 
could  be  accurately  controlled,  simply  through  initial  HCl  partial 
pressure.  Fe-doped  InP  layer  resistivity  obtained  was  as  high  as  3.2x10 
ohm-cm.  Planar  surface  BH  lasers  selectively  embedded  with  Fe-doped  InP 
exhibited  a  modulation  bandwidth  exceeding  lOC-Hz, 


8 


1 .  Introduction 


InGaAsP/lnP  buried  heterostructure  laser  diodes  (BH-LDs)  have  been 
developed  for  high  bit  rate  optical  fiber  communication  systems.  In  these 
BH-LDs,  reverse  biased  p-n  junctions  are  commonly  used  as  the  current 
blocking  layers.  However,  laser  frequency  response  is  severely  limited  by 
high  parasitic  capacitance  in  the  p-n  junction  current  blocking  layers.  In 
order  to  achieve  high  speed  response,  the  current  blocking  with  high- 
resistive  InP  layers  is  more  effective  compared  with  that  by  the  p-n 
junction  structure. 

Recently,  Fe-doped  TnP  growth  using  MOCVD  method  has  been  reported  by 
several  authors  (Long  et  al.  1984,  Hess  and  Zehr  1986,  Huang  and  Wessels 
1986,  and  Sugawara  et  al.  1986).  However,  the  present  VPE  method  has 
several  advantages  over  MOCVD,  that  is  ,  l)less  Fe  concentration  is 
necessary,  because  a  purer  InP  layer  can  be  grown,  2)excellent  Fe  doping 
controllability  can  be  realized  and  3)it  is  easy  to  fabricate  planar 
surface  BH-LDs. 

This  paper  reports  Fe-doped  InP  hydride  VPE  using  iron  chloride  and  the 
characteristics  of  a  high  speed  BH-LDs  fabricated  with  high-resistive 
current  blocking  layer. 

2.  Experimental 

a)  Fe-doped  InP  growth 

The  hydride  VPE  apparatus  for  Fe-doped  TnP  growth  is  shown  in  Fig.  1.  For 
Fe  doping,  Fe  metal  charged  with  the  Tn  source  was  used.  Another  In  source 
for  the  growth  was  set  separately  in  the  source  region.  Total  HCl  flow  rate 
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SUBSTRATE 


Fig.  1.  Schematic  diagram  of  hydride  VPE  system. 


over  these  sources  was  kept  constant  at  10  cc/rain.  PH3  and  toatl  carrier  H2 
flow  rate  were  15  cc/min  and  about  3  1/min,  respectively.  The  metal  source 
temperature  was  830*^C.  At  a  growth  temperature  of  600^0,  background  carrier 
concentration  for  undoped  InP  layers  was  in  the  range  of  6.8-8,0x10^^  cra"^. 
Therefore,  Fe  concentration  as  small  as  about  10^^  cm“^  is  enough  to 
compensate  the  background  carrier  concentration  and  obtain  high 
resistivity. 


If  pure  Fe  metal  is  employed  as  the  Fe  doping  source  with  the  trasport  gas 
of  HCl,  dominant  species  of  iron  chloride  at  the  830®C  source  temperature 
is  FeCl2  and  FeCl2  reaction  efficiency  is  less  than  2x10“^  under  the 
present  growth  conditions  by  thermodynamic  calculations.  Therefore,  almost 
all  of  HCl  which  does  not  react  on  the  Fe  matal  will  be  transported  to  the 
substrate  region  and  will  result  in  making  the  embedded  layer  surface 
rough.  For  this  reason,  Fe-charged  In  source  was  employed  to  avoid  the 
residual  HCl.  In  the  Fe/In  source  region,  reactions  are  discribed  as 
follows; 


In  +  HCl  «  TnCl  +  1/2  83  K|  »  PlnCl^PllCl 

Fe  +  2  HCl  »  FeCl2  +  H2  K2  =  PFeCl2' ®Fe^PHCl 

where  Kj  and  K2  are  equilibrium  constants,  p.  is  partial  pressure  of 


species  i  and  ap^  is  activity  of 
Fe  in  In.  From  (1)  and  (2),  we 
can  obtain 

PFeCl2  °  ^'^2/*^l^)'’Fe’‘Fe^PlnCl^^ 
where  rpg  is  activity  coeffi¬ 
cient  of  Fe,  and  xp^  is 
dissolved  Fe  concentration  in 
In,  Under  thermodynamic  equilib¬ 
rium  condition  of  the  reactions, 
PjnCl  nearly  equal  to  the 
initial  HCl  partial  pressure 

(p°HCl)-  Therefore,  PfeCla 
proportional  to  the 

The  P°Hcj  dependence  of  doped  Fe 
concentration  was  experimentally 
investigated.  Fe  concentrations 
were  evaluated  through  Fe  ion 


P^HCi  (atm) 


intensity  in  SIMS  measurement.  Fig.  2.  Doped  Fe  concentration  de- 


Flgure  2  shows  the  obtained  pendence  on  HCl  partial  pressure  over 


experimental  results  for  two  Fe/In  source.  Doped  Fe  concentrations 


kinds  of  charged  amount  of  Fe  in  were  evaluated  by  SIMS.  Np^  indicates 

the  Fe/In  source  (Hp^ ).  Doped  Fe  charged  amount  of  Fe  in  In. 
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concentration  was  proportional  to  the  about  1.5  power  of  initial  HCl 
partial  pressure.  Though  Npg  was  reduced  from  50  mol%  to  19  raol%,  doped  Fe 
concentration  remained  to  be  unchanged.  The  Xp^  would  be  nearly  constant, 
because  the  solubility  of  Fe  in  In  is  saturated  under  these  charged  amounts 
of  Fe.  Eventually,  doped  Fe  concentration  can  be  controlled  simply  by 
initial  HCl  partial  pressure  even  if  Np^  changed.  The  difference  between 
the  exprlmental  value,  1.5  and  calculated  value,  2  is  considered  to  be  due 


to  insufficiency  in  the  reaction 
time  (~0.2  seconds)  to  achieve 
thermodynamic  equilibrium  condi¬ 
tion  between  HCl  and  Fe/In 
source. 

Figure  3  shows  doped  Fe  concen¬ 
tration  dependence  of  Fe-doped 
InP  layer  resistivity,  Fe-doped 
InP  layers  were  grown  on  n'*’  TnP 
substrates.  First,  AuGe-Ni  was 
deposited  on  the  subatrate  side, 
then  samples  were  annealed  at 
390  C.  Next,  0.5  mm^  Au-dot  elec¬ 
trode  for  epitaxial  layer  side 
was  formed.  The  resistivity  of 
layers  were  measured  from  ohmic 
region  of  current-voltage  charac¬ 
teristics  (Macrender  et  al. 
1984),  As  the  doped  Fe  concentra¬ 
tion  increased,  the  resistivity 
tended  to  saturate  at  about  10® 
ohm-cra.  The  maximum  resistivity 
obtained  was  as  high  as  3,2x10® 
ohm-cra , 

h)  BH— LDs  embedded  with  Fe-doped 
InP 


Fig,  3.  Fe-doped  InP  layer  resis¬ 
tivity  as  a  function  of  doped  Fe 
concentration.  The  maximum  resis¬ 
tivity  obtained  was  3.2x10®  ohm-cra. 


1.3  fira  InGaAsP/InP  BH-Lt)s 
were  fabricated  using  high- 
resistive  layer  as  a  cur¬ 
rent  blocking  layer.  The 
schematic  cross  section  of 
the  device  is  shown  in  Fig. 
4.  In  this  experiment,  LPE- 
grown  double  heterostruc¬ 
ture  (DH)  wafer  with  an 
0,16  )im  thick  InGaAsP 
active  layer  grown  on  a  Sn- 
doped  InP  substrate  was 
used.  Chemical  etching  was 
performed  on  the  DH  wafer 
to  form  the  6  pm  wide  and  5 


Ti/Pt/Au 
S-C-  \ 


Fig.  4.  Schematic  structure  of  planar 
surface  buried  heterostructure 
InGaAsP/InP  lasers  with  highly  resistive 
current  blocking  layers. 
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Jim  deep  double  channels 
using  Si02  masks.  Then, 
using  the  present  tech¬ 
nique,  the  DI!  wafer  was 
selectively  embedded  with 
Fe-doped  InP  through  the 
same  Si02  masks  on  which 
no  growth  occures  during 
the  epitaxy.  Growth  con¬ 
ditions  were  as  follows; 
Npg  was  19  mol?  and  ini¬ 
tial  HCl  partial  pressure 
over  Fe/Tn  source  was 
2.'ixl0"^  atm.  Threshold 
current  was  32  mA  in  the 
BH-LDs  with  an  around  1 
jira  active  layer  width. 


Fig.  5.  Small-signal  modulation  response 
Figure  5  shows  the  small  with  several  bias  levels, 

signal  response  for 

lasers  with  200  pm  cavity  length  and  2.4  pm  active  layer  width.  3dB-down 
bandwidth  of  more  than  10  GHz  was  achieved  at  1.51^,^,.  3dB-down  roll-off 
frequency  due  to  electrical  parasitics  was  as  high  as  6  GHz.  The  estimated 
parasitic  capacitance  was  8  pF,  which  was  much  smaller  than  that  for 
ordinary  BH-t.Ds  with  p-n  junction  in  the  current  blocking  region.  The 
residual  parasitic  capacitance  arising  mainly  from  the  electrode 
capacitance  can  he  reduced  by  contact  pad  size  reducing. 


Tn  summary,  we  have  developed  highly  resistive  TnP  hydride  VPE  method  with 
high  controllability  and  reproducibility.  Ry  applying  this  method  to  BH-LP 
embedding  layers,  high  frequency  response  with  the  bandwidth  over  10  GHz 
has  been  achieved.  This  result  indicates  that  the  present  method  is 
promising  for  high  speed  laser  fabrication. 


The  authors  acknowledge  H.  Watanabe,  K.  Kobayashi,  R.  hang  and  T.  Yanase 
for  fruitful  discussions  and  encouragement. 
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Observation  of  novel  step-like  structure  in  the  photocurrent  and  dark  current 
of  a  superlattice:  charge  collection  by  successive  depletion  of  quantum  wells 


J  AUam,  F  Capasso,  M  B  Panish  and  A  L  Hutchinaon 

AT»T  Bell  Laboratories,  Murray  Hill,  New  Jersey  07974,  U.S.A.. 

Abstract.  We  have  observed  novel  manifestations  of  superlattice 
properties  in  a  GaQ.47lno,53As/InP  quantum  well  photodiode  structure 
grown  by  gas  source  molecular  beam  epitaxy,  evident  as  multiple  steps 
in  the  reverse  bias  photocurrent  and  dark  current.  This  striking 
effect  is  explained  in  terms  of  depletion  of  successive  quantum  wells 
as  the  reverse  bias  field  is  increased,  while  the  diffusion  of 
carriers  generated  in  the  undepieted  region  is  suppressed  by 
localization  within  the  wells.  As  the  electric  field  punches  through 
into  each  well  the  carriers  photogenerated  and  thermally  generated  in 
that  well  are  collected  by  the  field,  while  carriers  generated  in  the 
undepleted  wells  remain  localized  and  cannot  contribute  to  the 
current.  This  causes  a  step-liKe  increase  in  the  photocurrent  and  the 
dark  current. 

1.  Introduction 

Superlattice  structures  are  of  potential  interest  for  devices  in 
applications  including  avalanche  photodiodes  (See,  for  example,  Capasso 
1965)  and  tunneling  devices  (Capasso  et  al  1986a).  Enhancement  of 
ionization  rates  in  avalanche  photodiodes  (Capasso  1985,  Chin  et  al  i960) 
and  the  observation  of  tunneling  require  high  quality  heterojunction 
interfaces  in  terms  of  interface  abruptness  and  uniformity. 

For  photodetector  applications  in  optical  fiber  communications, 

material  system  of  immediate  interest.  Gas 
source  molecular  beam  epitaxy  (GSMBE)  is  a  promising  growth  technique 
enabling  precise  control  of  the  As/P  ratio  in  this  material  system 
(Panish  and  Sumski  1964)  and  accurate  dimensional  control  for  the  growth 
of  multilayer  structures.  Recently,  superlattice  pin  photodetectors  grown 
by  GSMBE  were  shown  to  have  good  interface  quality,  exhibiting  exclton 
structure  in  the  spectral  response  at  room  temperature  (Temkln  et  al 
1965). 

2.  Device  Structure  and  Experimental  Results  < 

We  have  observed  novel  step-like  structure  in  the  reverse  bias 
photocurrent  and  dark  current  in  superlattice  structures  grown  by  GSMBE. 
The  structure  consists  of  a  pm  photodiode  with  the  superlattice  placed 
in  the  nominally  undoped  i-region.  A  l  urn  n*-InP  buffer  layer  was  grown 
on  the  Sn-doped  InP  substrate,  followed  by  a  highly  doped  1.7  pm 
^*0.47^"0.53A*  absorption  layer  and  a  2500  X  Gag^ylno.gjAs  undoped 
spacer  layer.  The  latter  was  intended  to  prevent  diffusion  of  dopants 
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into  the  superiettice  irom  the  subetrate.  The  superlattice  consists  of  10 
periods  of  300  t  Q*o.4rI"O.S3'^*  wells  and  500  t  InP  barriers.  The  top  p- 
type  contact  is  a  l.S  pm  InP  window  layer  to  allow  absorption  of  long- 
wavelenfth  light  by  the  superlattlce.  The  layers  were  processed  into 
mesa  devices  (with  an  area  of  l.TxlO''^  cm^)  by  chemical  etching  with  Br- 
Methanol,  and  top  and  bottom  contacts  were  made  by  evaporating  Au-Be  and 
Au-Sn-Au  respectively  and  alloying  at  420  *C  for  2  seconds.  The  sides 
of  the  mesa  were  coated  with  Merck  HTK3  polyimide  for  passivation  and 
physical  protection.  The  processed  devices  exhibited  a  soft  breakdown 
with  I<iark'^^  ‘  reverse  bias  V^:10  V  at  room  temperature. 


The  diodes  were  illuminated  with  white  light 
filtered  through  a  0.95  pm  long  pass  filter, 
photo-generated  in  the  narrow  band-gap  quantum 


REVERSE  BIAS  V,  (V) 


Figure  1.  Current -voltage  characteristic 
with  illumination  (upper  trace)  and  in 
dark  (lower  trace)  at  room  temperature, 

(a)  versus  reverse  bias  (Vp). 

(b)  versus  V(Vp+Vj,i). 


from  a  microscope  lamp 
to  ensure  carriers  are 
wells.  Figure  1(a)  shows 
the  current-voltage 
characteristic,  with 
and  without  illum¬ 
ination,  measured  at 
room  temperature  on  an 
HP  4145A  parameter  ana¬ 
lyzer.  A  clear  step¬ 
like  structure  is  seen 
in  the  photocurrent  as 
the  reverse  bias  is 
increased.  Five  steps 
(plus  one  in  forward 
bias)  are  seen  before 
the  dark  current  ex¬ 
ceeds  the  photocurrent 
and  obscures  any  fur¬ 
ther  structure.  The 
increase  in  photo¬ 
current  at  each  step  is 
approximately  constant. 
These  steps  are  equally 
spaced  when  the  photo¬ 
current  is  plotted 
against  (Vp+Vj,i)‘''2 
(Figure  1(b)):  V^i  is 
the  built-in  potential 
z  0.65  V  measured  by 
plotting  the  square  of 
the  depletion  region 
width,  W(Vp),  against 
Vp  on  a  Miller  feedback 
depletion  profiler. 
This  clearly  shows  that 
the  steps  occur  at  mul¬ 
tiple  increments  of  the 
depletion  width  W(Vp): 
>A2€,/qH)(Vbi+Vp)  for  a 
single  sided  abrupt 
Junction).  Each  incre¬ 
ment  corresponds,  as  we 
shall  see,  to  the  sup¬ 
erlattlce  period.  This 
immediately  suggests 
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that  the  steps  are  caused  by  the  electric  field  punchinc  through  into 
successive  wells.  Similar  results  were  obtained  when  1.55  pm  light  from  a 
monochromator  was  focussed  onto  the  mesa  top  with  the  photocurrent 
measured  using  a  current-sensitive  amplifier  followed  by  a  lock-in  amp¬ 
lifier.  At  this  wavelength  the  absorption  length  is  about  1.5  pm 
(Humphreys  et  al  1965)  and  absorption  occurs  in  the  quantum  wells.  The 
position  of  the  steps  did  not  change  with  light  intensity  (up  to 
IpO=100  nA)  or  with  chopping  frequency.  Figure  4(a)  shows  the  photo¬ 
current  at  a  chopping  frequency  of  1  KHz  and  1:1.55  pm  at  a  light 
intensity  of  4.25  nW.  When  the  sample  is  illuminated  with  light  from  a 
He/Ne  laser  (which  is  absorbed  in  the  top  InP  layer)  no  structure  is 
observed  and  the  photocurrent  is  constant  with  bias  up  to  breakdown.  A 
similar  step-like  structure  is  observed  in  the  dark  current,  with  the 
first  three  steps  being  observable  at  corresponding  biases  (Figure  4(b)). 


800  A 


0.2  0  4  0  6  0  8  10 

DEPLETION  WIDTH  (^m) 


Figure  2.  Measured  free  carrier  density  versus  depletion  width. 


The  carrier  concentration  profile  was  measured  using  a  Miller  feedback 
depletion  profiler(7)  (Figure  2).  As  the  applied  bias  is  increased  from  0 
to  -10  V,  the  depletion  width  increases  from  0.2  pm  tc  0.7  pm  and  the 
measured  free  carrier  concentration  oscillates  between  2x10^^  cm~^  and 
0x10*^  cm~3  With  a  period  of  800  X,  equal  to  that  of  the  superlattice. 
The  7  peaks  observed  correspond  to  the  300  X  wide  wells.  It  is  important 
to  realize  what  this  figure  represents.  The  method  of  depletion 
profiling  (Miller  1972)  measures  the  free  carrier  density  via  the 
movement  of  free  carriers  into  and  out  of  the  depletion  layer  as  an  a.c. 
voltage  modulation  is  applied.  The  spatial  resolution  is  limited  by  Debye 
screening  with  a  characteristic  length  given  by  LD:/(kT€(/q>H)  which  is 
8:200  I  at  a  doping  of  Na:5xl0*^  cm~^.  This  ’smea'rs  out'  the  charge 
distribution  so  that  abrupt  changes  in  the  free  carrier  distribution 
cannot  be  resolved  to  better  than  several  Debye  lengths  (Johnson  and 
Panousls  1971).  This  smearing  is  thus  of  the  order  of  the  well  widths 
in  our  superlattice,  hence  the  high  and  low  free  carrier  densities  in 
figure  2  do  not  represent  the  true  densities  in  the  wells  and  barriers. 


402 


Gallium  A  rsenide  and  Related  Compounds  1986 


In  order  to  obtain  these  values  it  would  be  necessary  to  simulate  the 
profiling  measurement  using  a  numerical  solution  of  Poisson's  equation, 
and  to  vary  the  density  to  give  the  best  fit  to  experimental  data 
(Whlteaway  1983).  However,  the  measured  profile  shows  that  the  free 
carriers  in  the  barriers  spill  over  into  the  wells,  similar  to  the 
process  which  occurs  in  modulation  doping,  and  allows  an  estimation  of 
the  carrier  concentration  in  the  wells. 


3.  Discussion 


Figure  3.  Band  structure  of  partially 
depleted  superlattice,  showing; 

(a)  One  period  fully  depleted. 

(b)  Depletion  edge  extending  into  second 
well.  The  carriers  previously  localized 
in  that  well  are  collected  by  the  field. 

(c)  On  reaching  the  barrier  the  depletion 
edge  Immediately  punches  through  into  the 
next  well  and  collects  the  charge. 


To  better  understand  the 
charge  collection  process 
in  a  superlattice,  con¬ 
sider  an  ideal  case  in 
which  all  the  free  car¬ 
riers  are  in  the  wells  and 
the  barriers  are  depleted 
by  carrier  transfer  into 
the  wells  (Figure  3). 
Electron-hole  pairs  will 
be  generated  in  the  wells 
by  thermal  processes  and 
by  photo-lonization  across 
the  band  gap.  In  the  un¬ 
depleted  region  of  the 
superlattice,  the  earners 
are  localized  in  the 
wells,  perpendicular  to 
the  layers,  due  to  the 
potential  barriers.  Thus 
their  effective  diffusion 
length  IS  of  the  order  of 
the  well  width,  and 
carriers  generated  in  this 
ragion  cannot  diffuse  to 
the  depletion  region,  be 
collected  by  the  field  and 
thus  contribute  to  the 
total  dark-  and  photo- 
current.  The  first  period 
IS  depleted  at  zero  bias. 
At  the  point  when  the  dep¬ 
letion  edge  punches 
through  into  the  second 
well  (Figure  3(a)), 

carriers  thermally  and 
photogenerated  in  the  well 
can  be  collected  by  the 
field:  the  effective  width 
of  the  absorbing  region  is 
thus  two  wells.  As  the 
bias  is  increased  and  the 
depletion  edge  sweeps 
through  the  second  well, 
the  photocurrent  and  the 
thermal  generation  com¬ 
ponent  of  the  dark  current 


Opioelectronk  devices 


403 


(which  dominates  the  total  dark  current  at  low  bias)  remain  constant 
(Figure  3(b)),  until  the  depletion  edge  reaches  the  next  barrier.  Since 
the  barrier  has  no  free  charges,  the  depletion  edge  immediately  punches 
through  into  the  next  well  (Figure  3(c)),  where  it  can  'collect*  the 
charge  previously  localised  in  the  well.  This  gives  rise  to  steps  in  the 
photocurrent.  Note  that  the  suppression  of  the  diffusion  current  by 
localisation  is  essential  for  the  observation  of  photocurrent  steps 
since  the  absorption  length  (s:l  pm)  is  significantly  greater  than  the 
depletion  width  in  the  bias  range  0  to  ~10  V.  Diffusion  currents  would 
completely  mask  the  steps. 


4  6 

REVERSE  BIAS  (V) 


(b)  I  ■ 

o  1- 


4  6  8 

REVERSE  BIAS  (V) 


In  our  data  the  photo- 
current  does  not  inc- 
^  rease  abruptly  as  soon 

^  as  punch-through  into 

z  ’00'  - the  well  occurs.  Figure 

^  4  shows  the  correlation 

D  / —  ^  between  the  structure 

^  50-  in  the  photocurrent  and 

&  ^  ^  dark  current  plotted  as 

s.  a  function  of  bias  and 

- 2 - 4  ■  6  8  '  I'd  loPin*  profile 

<  3-  REVERSE  BIAS  (V)  plotted  at  a  correspon- 

3  .  /  ding  depletion  depth. 

^  /  The  features  in  the 

^  y  current  can  be  seen  to 

(b)  ^  ■  /  coincide  with  the  per- 

<->  ^  iods  of  the  super lat- 

►  y  tice.  The  photocurrent 

R-S  0i  /  ...  . .  is  constant  while  the 

"  REVERSE  Bits  (V)  ® 

12  ^  through  a  ^xven 

uK  aA/\/\  A  barrier  because  car- 

n/i/x  /  \/  \/  \  /  \  rlers  are  only  photo- 

(c)Sg  V  V  W  \y  \  generated  in  the  wells 

■  J  (note  that  a  finite 

3^  voltage  is  required  to 

I'®*  02- 0-3  -  04  05  06  ’’'*7  through  the 

DEPLETION  width  (^m)  barriers  since  not  all 

the  carriers  have 

Figure  4.  transferred  into  the 

(a)  Photocurrent  versus  reverse  bias  wells).  However,  when 

at  room  temperature  and  i^i.SS  pm,  the  well  is  reached  the 

measured  on  lock-in  amplifier  at  a  current  increases  grad¬ 
chopping  frequency  of  ikHz.  uall/  with  the  field 

(b)  Dark  current  at  room  temperature  until  it  levels  off  at 

versus  reverse  bias.  some  point  within  the 

(c)  Measured  free  carrier  density  well.  As  the  chopping 

versus  depletion  width,  plotted  on  the  frequency  is  increased, 

same  bias  scale  as  in  (a)  and  (b).  the  current  increase 

becomes  more  gradual 
and  a  higher  field  is 

required  for  it  to  level  off.  This  suggests  that  the  efficiency  of 
collection  of  carriers  from  the  well  is  reduced  by  recombination 

processes  in  the  well.  In  the  absence  of  recombination,  all  the  carriers 
generated  in  a  given  well  will  be  collected  as  soon  as  the  depletion  edge 
punches  through  into  that  well.  In  practice,  to  achieve  unity  collection 


. 

g  02  03  04  05  0 

DEPLETION  width  (^m) 

Figure  4. 

(a)  Photocurrent  versus  reverse  bias 
at  room  temperature  and  i^i.SS  pm, 
measured  on  lock-in  amplifier  at  a 
chopping  frequency  of  ikHz. 

(b)  Dark  current  at  room  temperature 
versus  reverse  bias. 

(c)  Measured  free  carrier  density 
versus  depletion  width,  plotted  on  the 
same  bias  scale  as  in  (a)  and  (b). 
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efficiency,  the  average  field  in  the  well  must  be  sufficiently  high  that 
the  rate  of  thermionic  emission  over  the  barriers  (which  increases 
strongly  with  the  field)  exceeds  the  recombination  rate. 

Above  about  -5  V,  the  room  temperature  dark  current  is  dominated  by  other 
mechanisms  (surface  leakage,  tunneling,  etc.)  so  the  structure  is  no 
longer  observed.  For  the  photocurrent  measurements,  structure  is  obscured 
above  s-S  V  by  the  presence  of  gain  effects  caused  by  ionization  of  the 
carriers  in  the  wells  over  the  band-edge  discontinuity  by  carriers  heated 
by  the  field  in  the  barriers  (Capasso  et  al  I9e6b). 
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Impact  ionization  across  the  band-edge  discontinuity  with  very  large 
ionization  rate  ratio  in  a  superlattice  with  graded  wells 


J  AlUm",  F  Capasso,  t  Alavi'*'  and  A  Y  Cho 

ATST  Ball  Laboratoriea,  Murray  Hill,  New  Jersey  07974,  U.S.A.. 

Abstract.  Two  types  ot  iapact  ionization  nechanisa  occuring  in  super¬ 
lattice  avalanche  photodiodes  are  reported.  Conventional  band-to-band 
ionisation  in  a  superlattice  device  indicates  enhanced  ionization  rate 
ratios.  A  new  ionization  phenomenon,  ionization  over  the  band-edse 
discontinuity,  is  described.  Very  larfe  ionization  rate  ratios  have 
been  measured  ior  this  mechanism  in  samples  with  graded  wells. 

1.  Introduction 

There  is  considerable  interest  in  developing  a  low-noise  long-wavelength 
(1.3  -  1.55  pm)  avalanche  photodiode  (APD)  {or  use  in  fiber-optic  com¬ 
munications.  For  low-noise  operation  of  an  APD,  the  Impact  ionization 
rate  for  electrons  (a)  and  holes  (9)  should  be  very  disslmillar,  and  the 
carrier  with  the  larger  ionization  rate  should  be  injected  into  the 
avalanche  region. 

Superlattice  APD's  have  been  proposed  to  artificially  enhance  the  ioniz¬ 
ation  rate  ratio  (Ksa/0),  and  are  discussed  in  detail  by  Capasso  (1965). 
Such  enhancement  has  been  experimentally  demonstrated  In  GaAs/AlxUai.^As 
superlattices,  with  values  of  K  up  to  sd,  by  Capasso  (1965)  and  Juang  et 
al  (1965). 

2.  Band-to-band  ionization:  evidence  of  ionization  rate  ratio  enhancement 
in  an  Alft^^^In^  ijpAs/ga^  ^^In^j^^l^As  superiattlce  APD. 

We  present  evidence  for  enhancement  of  the  ionization  rate  ratio  In  a 
long-wavelength  APD  fabricated  in  Alo,ggInQ,52As/Gao,47lno,53As.  We  have 
previously  reported  on  the  high  performance  aspects  of  this  device 
(Mohammed  et  al,  1965).  The  device  structure  is  shown  in  Figure  i.  The 
superlattice  is  placed  in  the  nomlnally-undoped  region  of  a  pin  photo¬ 
diode  structure.  Ohmic  contacts  are  made  to  the  heavily  doped  p  and  n 
regions  by  evaporating  and  alloying  Au-Be  and  Au-Sn,  respectively. 
Individual  devices  are  fabricated  by  mesa  etching  using  conventional 
photolithographic  techniques.  The  superiattlce  dimensions  for  this  device 
(D416)  are  given  in  Table  I. 

The  ionization  rates  are  derived  from  the  multiplication  versus  reverse 
bias  under  conditions  of  pure  electron  and  pure  hole  injection  into  the 
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avalanche  region.  This 
IS  achieved  using  the 
standard  technique  of 
injection  of  minority 
carriers  by  selective 
Illumination  of  the  p- 
type  (electrons)  or  n- 
type  (holes)  sides  of 
the  device,  with  a 
mechanically  chopped 
HeNe  laser  beam  .  The 
photocurrent  is  det¬ 
ected  with  a  locK-ln 
amplifier. 


Figure  2  shows  the 
photocurrent  multi¬ 
plication  as  a  function 
of  reverse  bias  for 
electrons  (M^)  and 
holes  (Hh)  at  3001:. 
The  low  photocurrent 
below  -10  V  is  due  to  the  large  recombination  rate  of  electrons  and  holes 
in  the  wells,  compared  to  the  rate  of  thermionic  emission  from  the  wells. 
The  emission  rate  increases  with  reverse  field  due  to  hot  carrier 
effects.  The  unity-multiplication  photocurrent  in  the  bias  range  -10  V  to 
-20  V  is  extremely  well  fitted  by  a  straight  line.  Avalanche  multiplica¬ 
tion  occurs  for  reverse  bias  in  excess  of  z  20  V,  which  corresponds  to  a 
field  of  2  xio^  Vcm~^.  Figure  3  shows  the  ionisation  rates  calculated 
from  the  standard  equations  for  a  pin  structure.  The  k-ratlo,  (a/P)  = 
(M^-D/lMfj-l),  varies  from  about  3  at  a  field  of  3.5  xlO^  vcm~*  to  3.5  at 
2.5  xlO^  Vcffl~‘.  This  suggests  an  enhancement  of  the  K-ratio  over  the 
value  of  2  in  bulk  InQ,53Clao,47As  measured  by  Pearsall  (1980). 


hv  < 


'Au-Be*Au 
-p'*'Gag  47lRg  s3As 


11+  <100>InP 


SUPERUniCE 
**048^052** 
®*0  47^*0.53*® 


Au-Sn-Au 


Figure  1.  Structure  of  superlattice  pin  APD. 


Figure  2.  Multiplication  as  a 
function  of  reverse  bias  under 
conditions  of  pure  electron  (M^) 
and  hole  (Hn)  injection,  for 
band-to-band  ionisation  in  sample 
D418  at  300  K. 


.  \  :  .  N 


Figure  3.  Ionisation  rate  for 
electrons  (a)  and  holes  (P)  in 
sample  D4ie  at  300  K,  plotted 
against  reciprocal  field. 
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3.  New  avalanche  multiplication  effects  in  superlattices: 
impact  ionHation  acroaa  the  band-edge  discontinuity. 


We  have  observed  new  avalanche 
effects  in  superlattices,  charac¬ 
terized  by  avalanche  fain  occur- 
ing  at  lower  fields  than  band-to- 
band  ionization,  with  much  great¬ 
er  multiplication  of  holes  than 
of  electrons,  and  a  strong  frequ¬ 
ency  dependence  in  the  KHz  range. 

Figure  4  shows  the  hole  and  elec¬ 
tron  multiplication  for  sample 
D622  at  a  temperature  of  s85  K. 
The  device  structure  is  similar 
to  that  of  Figure  1  apart  from 
the  superlattice  dimensions  (see 
Table  I).  Multiplication  occurs 
at  fields  of  less  than  10^  Vcm"*. 
The  hole  multiplication  is  great¬ 
er  than  that  of  electrons,  with 
{Mh-l)/(Me-l)  K  20. 


Figure  4.  Photocurrent  multiplica¬ 
tion  for  pure  hole  and  electron 
injection,  due  to  ionization  across 
the  discontinuity  in  sample  D622 
at  Ts;85  K. 


KM.’ 


Figure  5.  Photocurrent  plotted 
against  chopping  frequency  at 
unity  gain  (-10  V)  and  in  ava¬ 
lanche  region  (-21  V)  for  D622. 


The  frequency  dependence  was 
studied  by  varying  the  chopping 
frequency  of  the  illumination.  At 
unity  gain  (-10  V)  the  photocurr¬ 
ent  IS  constant  between  f  :  0  and 
6  KHz  (Figure  5).  In  the  gam 
region  (-21  V)  the  photocurrent 
IS  strongly  frequency  dependent 
with  a  -3  dB  cutoff  of  Kl  KHz.  In 
contrast.  we  have  reported 
microwave  gains  of  K12  at 
frequencies  of  several  GHz  for 
band-to-band  ionization  in  sample 
D418  (Mohammed  et  al,  1985). 

The  temperature  dependence  of 
this  new  ionization  mechanism  is 
directly  opposite  to  that  for 
band-to-band  ionization.  Figure  6 
shows  the  photocurrent  multipli¬ 
cation  for  holes  at  temperatures 
between  90  and  300  K  for  R397. 
There  is  a  marKed  correlation 
between  the  temperature  depend¬ 
ence  of  the  darK  current  and 
multiplication  curves.  Diodes 
with  very  low  darK  currents  do 
not  show  this  effect  but  exhibit 


band-to-band  ionization  at  significantly  higher  bias  (e.g.  D418). 


We  have  observed  very  similar  behaviour  in  a  number  of  materials  grown 
by  different  techniques  (Table  I),  including  inP/  Ino,53Gao,47As  grown  by 
gas  source  molecular  beam  epitaxy  with  very  low  density  of  deep  levels 
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(Allam  et  al  1966).  Homoatructure  pin  diodes  irown  as  control  samples  did 
not  show  such  effects.  This  suggests  that  the  behaviour  is  due  to  an 
intrinsic  band-structure  effect  rather  than  ionization  of  deep  levels. 


The  proposed  mechanism  is  impact  ionization  across  the  band-edge 
discontinuity  of  carriers  dynamically  stored  in  the  wells,  by  collision 
with  carriers  heated  by  the  electric  field  in  the  barriers  (Capasso  et  al 
1985).  Figure  7(a)  shows  a  superlattice  structure  with  n-type  doped  wells 
and  undoped  barriers.  Electrons  from  the  donor  sites  provide  a  dynamical 
reservoir  of  carriers  in  the  wells.  When  a  sufficiently  high  electric 
field  is  applied  across  the  superlattice,  electrons  will  be  heated  in  the 
barrier  regions  with  enough  energy  on  entering  the  well  to  impact  ionize 
a  stored  electron  over  the  conduction  band  discontinuity,  resulting  in 
avalanche  gain.  This  process  can  be  viewed  as  ionization  from  deep 
"artificial  traps",  but  has  a  much  larger  cross-section.  Chuang  and  Hess 
(1965)  have  calculated  the  ionization  rates  for  this  process. 


Our  devices  have  undoped  superlattice 
regions;  the  charge  reservoir  arises  from 
thermally-generated  dark  current  carriers 
(Figure  7(b)).  Since  there  are  both 
electrons  and  holes  in  the  wells,  both 
carrier  types  are  multiplied.  The  thre¬ 
shold  energy  for  the  process  is  approxi¬ 
mately  twice  the  band-offset,  thus  the 
holes  are  multiplied  at  a  greater  rate 
than  electrons  in  Alo.^glno.sgAs/ 
where  the  electron  offset 
is  about  twice  that  for  holes.  The 
carriers  lost  by  ionization  are  replaced 


HOT  ELECTRON 


Figure  6.  Temperature  dependence  of 
ionization  across  the  discontinuity 
in  R397:  the  arrow  shows  the  direc¬ 
tion  of  increasing  temperature.  The 
step-like  structure  in  the  photocur¬ 
rent  IS  due  to  successive  depletion 
of  the  wells  (Allam  et  al,  1986). 


Figure  7.  Hechanism  of  impact 
ionization  across  the  band-edge 
discontinuity; 

(a)  in  n-type  doped  wells. 

(b)  in  undoped  wells.  The 
reservoir  of  carriers  in  the 
wells  is  supplied  by  thermally- 
generated  dark-current 
carriers. 
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by  dark  current  carriera  generated  via  nld  band-gap  atatea,  with  a 
characteriatic  eaiaaion  time  r  which  may  be  ot  the  order  of  iO'^a. 


4.  Very  large  ioniaation  rate  ratioa  in  multiple 
auperlatticea. 


»raded-well 


REVERSE  BIAS  (V) 


Figure  8.  Impact  ionization  over 
the  diacontlnulty  in  a  auperlattice 
with  graded  wella:  Photocurrent 
multiplication  of  electrona  and 
holea.  The  inaet  ahowa: 

(a)  aingle  carrier  multiplication 
of  holea  for  a  aolid-atate 
photomultiplier. 

(b)  mechaniam  for  hole  multipli¬ 
cation.  Electrona  are  not  multi¬ 
plied  aa  there  la  no  atorage  of 
electrona  within  the  graded  wella. 
(The  graded  reglona  are  ahaded). 


To  further  reduce  the  multipli¬ 
cation  of  electrona  via  ioniza¬ 
tion  over  the  offaet,  we  have 
utilized  grading  of  the  wella  to 
reduce  the  denaity  of  electrona 
atored  in  the  well.  The 

■^l0.48J"0.5a^*  /®*0.47l*'0.53A* 

auperlattice  pin  photodiodea  with 
compoaitionally  graded  interfacea 
at  the  exita  of  the  wella  were 
grown  by  computer-controlled  HBE. 
Further  detalla  of  the  growth 
will  be  provided  in  a  later 
paper.  The  dimenaiona  of  aample 
R407  are  ahown  in  Table  1. 

Below  a  reverae  biaa  of  %5  V, 
there  la  atorage  of  both 
electrona  and  holea  in  the  wella. 
At  higher  flelda  the  graded 
region  becomea  inverted  thua 
there  can  be  no  atorage  of 
electrona  or  multiplication  by 
ionization  over  the  diacontin- 
uity. 

Figure  8  ahowa  the  hole-  and 
electron-  initiated  gain  at  a 
frequency  of  200  Hz  and  a  temp¬ 
erature  of  90  K,  for  the  aample 
with  three  perloda.  For  pure  hole 
injection,  avalanche  multiplica¬ 
tion  occura  at  a  reverae  biaa  of 
-7  V  and  reachea  M!i;20  at  -12  V. 
For  electron  injection,  the 
multiplication  ia  leaa  than  1.4 
at  -12  V,  reaultlng  in  a  value  of 
(H(,-l)/(He-i)  in  exceaa  of  50. 
Thia  iaf  the  higheat  value 
meaaured  in  a  III-V  material. 

For  the  caae  of  unity  electron 
gain,  the  maximum  hole  multipli¬ 
cation  would  be  8  (23,  correa- 
ponding  to  the  ?,  perloda)  (Figure 
8  (a)).  The  preaence  of  aome 


electron  gain  provldea  feedback  reaultlng  in  a  large  hole  gain  (maximum 


meaaured  gain  as  SO  at  lOHz  and  -12  V).  The  onaet  of  electron  gain  occura 
at  a  field  of  1-2  xio^  Vcm~^  which  ia  almllar  to  the  field  at  which 


band-to-band  ionization  occura  in  bulk  Gao.47Ino.s3Aa.  It  therefore 
appeara  that  multiplication  of  holea  (only)  occura  via  ionization  over 
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the  band-edge  discontinuity,  and  the  feedbacK  is  accounted  for  by  band- 
to-band  impact  ionization  of  electrons. 

Table  I .  Dimensions  of  superlattices . 


Wafer  « 

Composition 

Number  of 
Periods 

Barrier 

width 

Well 

wldtl 

D418 

0 . 48*"  0 . 52AS/Ga  o  _  47ln  q  _  53AS 

35 

139  1 

139  X 

D384 

A1 0 . 48*"  0 .  saAs/Ga  0 , 47lno .  53AS 

48 

104  1 

104  X 

D620 

A'0.46*"0.52As/<54o.47*"0.53A» 

20 

200  A 

200  X 

D622 

A*  0 . 48*"  0 .  SjAs/Ga  Q  _  47ln  q  .  53AS 

20 

465  1 

230  X 

D676 

A*0 . 48*"  0 .  saAS/Ga  q  ,  47lno  _  53AS 

20 

450  1 

450  X 

A  064 

AlSb/GaSb 

25 

ZOO  i 

200  X 

25FebG6 

InP/Ga  0 . 47ln  0 . 53AS 

10 

500  X 

300  X 

R407 

A*  0 . 48*"  0 .  saAs/Ga  q  _  47lno .  53AS 
(1022  A  graded  well  exit) 

3 

292  X 

501  X 

R397 

A1 0 . 48*"  0 . 52A*/Ga  0 . 47*"  0 . 53AS 
(  700  A  graded  well  exit) 

5 

300  X 

700  X 
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Abstract  Enhanced  i/z  ratios  ~  2-10,  are  measured  in 
GaAs/AlGaAs  multiquantum  wells  at  300K.  Measurement  of 
Mfj,  Mp  and  i/r  is  difficult  for  inGaAs/inAlAs 
s upe r 1  a 1 1 i ce s  due  to  a  mono t o n i ca 1 1 y  increasing 
photocurrent  with  increase  of  reverse  bias.  Avalanche 
photodiodes  made  with  both  materials  show  respons i t i v i ty 
*  0. 3-1.0  A/W  at  O.SVgp,  avalanche  gains  "  10^  and 
bandwidths  12GHz  at  O.SVgp.  A  modulated  barrier 
photodiode  using  I nGa As/I n A1 As  small-period  ('8oS) 
superlattice  in  part  of  its  structure  gives  extremely 
high  responsivity  *  50  A/W. 

1.  INTRODUCTION 

It  has  been  predicted  and  shown  that  Ga As- A 1 ^Ga ^ As 
s u pe r 1  a 1 1 i ces  (SL)  can  exhibit  enhanced  ionization 
coefficient  ratios  t/ 1  (Chin  et  al  1980,  Capasso  et  al  1982) . 
This  makes  them  attractive  materials  for  fabricating  low- 
noise  avalanche  photodiodes  (McIntyre  1966)  and  some 
performance  characteristics  of  such  devices  have  been 
reported  (Larsson  et  al  1985).  We  present  here  a  detailed 
account  of  the  measurement  of  these  coefficients  in 
GaAs/AlGaAs  and  InGaAs/InAl As  super  la tt ices  and  multiquantum 
wells.  Some  performance  characteristics  of  photodiodes  made 
with  these  materials  are  also  described  and  analyzed. 

We  have  also  studied  the  performance  of  InCa As/lnAl As 
modulated  barrier  diodes  with  a  superlattice  incorporated  in 
one  part  of  the  device.  Extremely  large  respons iv i t ies  are 
measured  in  these  devices  and  it  is  thought  that  the 
recently  proposed  mechanism  of  effective  mass  filtering 
(Capasso  et  al  1985)  may  be  partly  responsible. 

2.  MOLECULAR  BEAM  EPITAXIAL  GROWTH  AND  DEVICE  FABRICATION 

The  Ga  As / A 1  jj G a  2^ ^  j.  As  and  i  0.  5  3^^  0.  4  7  ^ Q.  5  2  ^ ^ 0  48^^ 

superlattice  photodiodes  were  grown  in  "a  three-cnamoer  felBER 
2300  Modutrac  MBE  growth  system.  Typical  growth  temperature 
of  the  GaAs  and  inP-based  structures  were  630  and  500°C, 
respectively.  Three  classes  of  super  lattices  were  studied: 

^  1987  lOP  Publishing  Lid 
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i)  L^i  Lg  ~  30-5oS;  ii)  L^,  Lg  ~  100-20oS;  and  iii)  L_, 

Lg  ~  50o8. 

Two  distinct  types  of  p*  -n~  -n*  diode  structures  were  used 
for  impact  ionization  studies  and  for  measuring  photodiode 
performance,  in  the  former  case  the  top  p^  layer  was  at 
least  2  pm  thick  to  enable  pure  electron  injection  upon 
shining  intrinsic  light  on  the  top  surface.  In  the 
photodiodes,  the  top  layer  was  ~  0.5  urn  thick  and  consisted 
of  a  wider  bandgap  material  (AlGaAs  or  InAlAS).  The 
superlattice  multiplication/absorption  region  was  typically 
2  pm  thick.  Mesa  diodes  with  250  urn  diameter  were 
delineated  by  standard  photolithography  for  the  various 
measurements.  The  current-voltage  characteristics  in  the 
superlattice  photodiodes  were  measured  at  300K  and  lower 
temperatures.  Measured  dark  currents  at  half  the  breakdown 
voltage  (Vgg)  are  less  than  1  nA  in  the  GaAs/AlGaAs 
materials  and  are  less  than  30  nA  in  the  inGa  As/inAl  As 
system.  It  was  evident  from  the  temperature  dependence  of 
Vgg  that  avalanching  is  the  dominant  breakdown  mechanism  in 
both  material  systems. 

3.  IMPACT  IONIZATION  PHENOMENA  IN  SUPERLATTICES 
3.1  GaAs/AlGaAs  S uper 1  a 1 1 ice ; 

The  doping  in  the  superlattice  regions  of  all  devices 
studied  is  ~  (1-3)  x  10^’  cm~^,  derived  from  capacitance- 
voltage  data.  The  reverse  breakdown  voltage  Vgg  is  in  the 
range  of  50-100  V.  Electron  and  h o 1 e- f n i t i a t e d 
photomultiplication  was  generated  by  illuminating  the 
diodes  with  a  chopped  He-Ne  5  Pm  diam.  laser  (X=  6328  8) 
beam.  Pure  hole  injection  was  achieved  by  illuminating  the 
diode  through  a  hole  etched  into  the  n'*'  substrate. 
E 1  ec t r o n- i n i t i a t ed  multiplication  was  achieved  by 
illuminating  the  p'*'  layer  on  the  top  of  the  mesa  structure. 
To  obtain  the  electron  and  hole  multiplication  factors, 
appropriate  stable  values  of  the  photocurrent  at  low  bias 
values  were  considered.  Measurements  were  first  made  on 
(001)  GaAs  whose  impact  ionization  coefficients  are  fairly 
well  known  to  calibrate  the  system.  Since  Lg,  both 

much  smaller  than  the  usual  values  of  ana  6"^  measured 
in  these  wide  band-gap  semiconductors,  the  relationships 
between  the  multiplication  factors  and  the  impact  ionization 
coefficients  applicable  for  superlatt ices  simplify  to  those 
that  are  used  for  bulk  semiconductors  (Stillman  et  al  1977). 

Figure  1  depicts  the  electron  and  hole  impact  ionization 
coefficients  in  a  sample  with  Lg=57o8  and  L^=4248.  in  the 
range  of  fields  that  these  measurements  were'"  made  a/&~  10, 
which  is  in  good  agreement  with  data  reported  by  Capasso  et 
al  (1982).  Figure  2  depicts  the  measured  impact  ionization 
coefficients  in  superlattices  with  smaller  wells  and 
barriers.  The  values  of  o  (E)  for  all  three  samples  shown 
in  Fig.  2  remain  fairly  constant  (represented  by  the  cross- 


Optoelectronic  devices 


413 


•••  •• 

td 

£ 

^10' 

H 

*lc  /Seo,*e  -  Grt.  St  *  '' 

't,’=S70* 

I.,*  434  A 

-1 

1*  »  «'*  lemV'l 

Fig.  1  Measured  a  and 
D  in  GaAs/AlGaAs  multi¬ 
quantum  wells  with  large 
and 


Fig.  2  Electron  and 
hole  impact  ionization 
coefficients  in 
GaAs/AlGaAs 
super latt ices  with 
varying  and  Lg. 

hatched  region)  and  can  be  approximately  fitted  by  the 
equation, 


i  (E)  «  8.5  X  10^  exp  (-1,59  x  10®/B)  cm"^ 


The  values  of  .-(E),  on  the  other  hand,  are  very  sensitive  to 
superlattice  parameters.  In  quasi-two-dimensional  systems 
ca r r i e t - pho non  interactions  can  be  greatly  enhanced 
(Holonyak  et  al  1980).  The  electrons,  however,  with  smaller 
effective  mass  are  not  truly  confined  in  wells  with  L3<16oS 
and  have  fairly  high  energies  relative  to  the  GaAs 
conduction-band  edge.  Therefore,  electron  scattering  in  the 
quantum  wells  is  very  limited  and  the  measured  values  of 
»  reflect,  within  limits  of  experimental  error,  bulklike 
behavior.  The  holes,  on  the  other  hand,  have  a  much  larger 
mass  and  a  smaller  scattering  length.  Therefore,  it  is 
expected  that  hole  multiplication  will  be  dependent  on  their 
confinement  and  scattering  in  the  quantum  wells,  which  in 
turn  depend  on  the  well  widths.  Furthermore,  the  coupling 
between  the  wells  will  also  alter  the  degree  of  confinement. 
As  expected,  we  see  that  at  higher  field  values  of  il  for  the 
SL  with  Lg  =  56S,  L2  =  34S  are  higher  than  those  for  the 
superlattice  with  Lg=145S,  L2=87B.  In  uncoupled  systems, 
with  large  wells  and  barriers,  the  mechanism  of  enhancement 
of  a/8  has  been  discussed  before  (Capasso  et  al  1982).  In 
this  case  the  enhancement  probably  results  from  a  periodic 
lowering  of  the  threshold  ionization  energy  of  the  electrons 
as  they  traverse  an  Al^Gaj^_j,As  barrier  and  reach  a  GaAs 
well.  The  holes,  by  virtue  of  their  large  mass  and  greater 
confinement  cannot  participate  in  this  process. 
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3.2  53‘^®0. 47*®  “  ^^0.52*^0.48*®  Superlattice 

Photocurrent  measurements  with  very  low  levels  of  injection 
(I  j^=2nA)  were  made  on  three  types  of  superlattices,  each 
distinguished  by  their  well  and  barrier  widths. 
Measurements  in  this  case  were  done  at  300  and  77K.  The 
electron  and  hole  photocurrents  at  -5V  were  made 
approximately  equal  by  adjusting  the  light  intensity. 
Measured  electron  and  hole  photocurrents  for  a  typical  diode 
at  300  and  77K  ate  shown  in  Fig.  3(a)  and  (b),  respectively. 
A  distinct  feature  to  be  observed  here  is  that  the 
photocurtent  increases  mono ton i ca 1 1 y  with  reverse  bias  at 
room  and  low  temperatures,  which  is  also  true  for  other 
structures.  This  makes  an  accurate  estimation  of  carrier 
multiplication  and  the  impact  ionization  coefficients  almost 
impossible  in  this  material. 

On  examining  the  electron  and  hole  multiplication  processes 
as  the  temperature  is  lowered  it  is  seen  that  for  samples 
with  L2=Lg  =  3oS,  the  electron  multiplication  increases 
approximately  by  a  factor  of  4.  On  the  other  hand,  in 
samples  with  ^b~^2~  50o£,  both  electron  and  hole 

multiplication  ate  reduced  as  the  temperature  is  lowered. 
For  structures  with  L2=Lg=9oS,  the  electron  multiplication 
is  invariant,  while  that  for  hole  increases  slightly  at 
lower  temperatures.  It  is  also  to  be  noted  that  the 
multiplication  process  in  the  samples  with  large  .  Is  and 
barriers  starts  at  fields  almost  half  of  that  in  ^.amples 
with  small  wells  and  barriers.  We  conclude  that  in  the 
former,  multiplication  is  a  mixed  process,  including  band- 
to-band,  and  we  1 1- 1  oca  1 i zed  (Capasso  et  al  1986)  single- 
carrier  multiplication.  For  small  wells  and  barriers, 
multiplication  is  dominated  by  a  band-to-band  process.  The 
significant  increase  in  electron  multiplication  at  low 
temperatures  in  these  samples  is  probably  due  to  reduced 
phonon  scattering. 

4.  PERFORMANCE  OF  SUPERLATTICE  AVALANCHE  PHOTODIODES 

The  spectral  response  of  the  photodiodes  was  measured  at 
room  temperature.  External  quantum  efficiencies  of  “  86%  at 
V=-0.5Vgn  ate  estimated  from  the  measured  responsivity  in 
the  GaAs/AlGas  devices.  The  respons i v i t  i  es  are  generally 
smaller  in  diodes  with  large  wells  and  barriers  (L^,  Eg  > 
50o8)  probably  because  photogenerated  carriers  in  the  wells 
recombine  before  they  contribute  to  the  photocurrent. 
Spectral  response  characteristics  measured  in  the 
InGaAs/lnAlAs  devices  are  very  similar  and  are  shown  in  Fig. 
4.  The  measured  avalanche  gains  in  GaAs/AlGaAs  SL 
photodiodes  are  greater  than  1000  near  the  breakdown 
voltage.  From  measured  respons i v i t ies  in  inGa As/inAl  As 
photodiodes,  a.c,  gains  “  10-100  are  estimated  near  the 
breakdown  voltages.  These  high  values  of  gains  ate 
extremely  encouraging. 
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Fig  .  3  Measured 
electron  and  hole 
pho t o c u r r en t s  in 
InGaAs/InAlAs  SL 
photodiode  at  (a)  300, 

and  (b)  77K. 

The  response  of  a  large-area  (A=  4.9  x  GaAs/AlGaAs 

superlattice  device  to  100  ps  laser  pulses,  obtained  by 
driving  a  GaAs  laser  with  a  comb  generator  is  characterized 
by  a  temporal  width  (FWHM)  of  250  ps.  The  capacitance  of 
the  device  was  *3  pF.  Taking  into  account  the  diode  and 
load  resistance,  and  the  length  of  the  electron  drift  region 
(2  .m)  it  is  clear  that  the  response  is  limited  by 
capacitance  effects.  As  a  comparison  some  preliminary 
measurements  of  the  frequency  response  of  smaller  diodes 
(A=  5.4  X  10~’cm^)  under  non-avalanche  conditions  with 
GaAs/AlGaAs  and  I nGa As/I n  A1  As  superlattice  absorption 
regions  were  also  made.  For  these  measurements  the  outputs 
of  a  pair  of  matched  laser  diodes  were  heterodyned  to 
produce  a  microwave  signal  at  the  difference  frequency.  The 
detector  response  to  this  microwave  input  was  then  recorded 
with  a  microwave  spectrum  analyzer  over  the  zero  to  17GHz 
frequency  range  (Gee  et  al  1986).  The  capacitance  of  the 
devices  was  <  IpF  at  OV  bias.  The  data  are  shown  in  Fig.  5. 
Essentially,  a  3-dB  bandwidth  of  11-12  GHz  was  measured  in 
devices  with  large  wells  and  barriers  and  the  bandwidth 
decreased  to  ~  8GHz  as  and  Lg  decreased  to  3o8.  These 
results  are  very  encouraging  and  indicate  that  high  speed 
superlattice  photodiodes  can  be  realized. 

5.  THE  SUPERLATTICE  MODULATED  BARRIER  DIODE 

The  modulated  barrier  diode  (Chen  et  al,  1981)  can  be  used 
as  a  detector  with  internal  gain,  which  results  from 
enhanced  thermionic  emission  over  a  potential  barrier.  In 
addition,  this  diode  also  behaves  as  a  majority  carrier 
device.  We  have  fabricated  a  photodiode  in  which  an 
InGa As/InAl As  superlattice  (L^  =  45S,  Lg  =  3oS)  is 

incorporated  in  one  arm  (inset  of  Fig.  6).  The 


Fig.  4  Spectral  response 
characteristics  of 
photodiode  with 
InGaAs/InAl As 
superlattice  and 
multiquantum  well 
absorption  regions. 
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Fig.  5  Frequency 
response  of  GaAs/AlGaAs 
SL  photodiode,  L2*4178, 
Lg=5568. 


Fig.  6  Measured  bias 
dependent  responsivity 
of  modulated  barrier 
diode. 


incorporation  of  the  superlattice  changes  the  spectral 
response  and  reduces  the  dark  current.  The  measured  bias- 
dependent  responsivity  of  a  typical  device  is  shown  in  Fig. 
6.  Respons i V i t ies  as  high  as  SO  A/W  are  obtained  at  T  = 
300K.  This  high  value  of  gain  may  be  due  to  a  combination 
of  enhanced  thermionic  emission  and  effective  mass  filtering 
(Capasso  et  al  1985).  The  latter  effect  will  particularly 
be  operative  if  the  adequate  voltage  drops  across  the 
superlattice  and  perpendicular  electron  transport  occurs  by 
miniband  conduction.  Further  experiments  and  theoretical 
modeling  of  the  current- vol tage  character istics  are  in 
progress. 
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Abstract .  A  simple  but  performant  semi-planar  PIN  photodiode  is 
described,  based  on  a  nigh  quality  AP. MOVPE  heterostructure.  The 
heterostructure  interface  is  shown  to  be  of  very  high  quality,  i.e. 
flat  and  sharp  within  2-3  monolayers  as  deduced  from  sharp  and  intense 
photoluminescence  from  140,  80,  26  and  14  A  wide  quantum  wells. 
Furtnermore,  this  interface  exhibits  very  high  2  DEG  mobilities  up  to 
250  000  cm2  /yj  at  4  K  and  almost  free  from  interface  states.  The 
corresponding  band  offset  is  clearly  demonstrated  to  be  225  *  10  meV. 


1.  Introduction 

MetalOrganic  Vapor  Phase  Epitaxy  (MOVPE)  is  receiving  a  great  deal  of 
attention  due  to  its  ability  to  grow  pure  multiple  heterostructures 
necessary  for  optoelectronic  applications,  and  in  particular  for 
photodetectors  (Andrd  et  al  1985a,  Poulain  et  al  1985,  Wang  and  Carey  1985, 
Nelson  et  al  1985,  Dupuis  et  al  1986).  Tne  purpose  of  this  paper  is  to  show 
tne  extremely  high  quality  of  bulx  InP  and  GalnAs  materials,  and  of  their 
corresponding  interfaces  obtained  by  atmospheric  pressure  MOVPE.  Then  a 
new,  called  SEMI-PLANAR,  PIN  photodetectors  structure,  is  descrioed  which 
takes  advantage  of  that  high  quality  material. 

2.  Experlaental 

Most  of  the  details  concerning  the  used  atmospheric  pressure  MOVPE  growth 
technique  have  been  given  elsewhere  (Andre  et  al  1985b,  Menu  et  al  1986). 
TEI  (TriEthyl Indium)  has  been  chosen  as  the  In  source  because  of  its  high 
purity  and  tne  growth  temperature  lies  in  tne  570  -  640 ’C  range.  Special 
attention  has  been  given  in  order  to  minimize  both  transient  effects 
originating  from  the  gas  switching  process  during  the  growth  of 
heterostructures,  and  depletion  of  In  in  tne  gas  phase,  duS  to  parasitic 
quartz  catalyzed  side  reaction.  Only  one  composition  of  the  ternary,  i.e. 
Gao *47 1 10 -53*5  lattice  matched  on  InP,  has  been  grown  and  will  later 
simply  be  referred  to  as  (Galn)As. 

Photoluminescence  properties  have  been  analysed  using  an  AR  1000 
Jobin-Yvon  Monochromator  and  a  Ge  cooled  detector.  Shubnikov-de  Haas 
experiments  have  oeen  performed  in  a  7  T  magnetic  field.  He  cooled  Oxford 
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Cryostat.  Accurate  capacitance  and  current  measurements  were  performed 
using  a  HP  4175  A  digital  capacitance  meter  and  a  617  Keithley  picoammeter. 

3.  Miter lal  assessaent 

The  high  purity  of  materials  has  been  evidenced  (Menu  et  al  1986)  oy  the 
low  values  of  doping  level  (n  =  2-5  x  10l4  cra-S  for  InP  and  n  =  1-3  x  10l5 
cra'3  for  InGaAs)  and  high  corresponding  values  of  mobilities  p.  In  tne  case 
of  InP,  p  is  routinely  between  80  000  to  100  000  and  frequently  reaching 
120  -140  000  cm2/vs.  (Galn)As  lattice  matched  on  InP  is  always  grown  with  a 
thin  InP  buffer.  Mobilities  have  always  been  deduced  from  thick  (3  pm) 
(Galn)As  layers,  and  Hall  values  routinely  exceed  10  000  (best  value  = 
10  750)  at  300 'K  and  78  000  cm2 /Vs  (best  value  =  36  300)  at  77  K.  These 
high  values  at  low  temperature  might  have  been  slightly  boosted  by  the 
presence  of  a  2  dimension  electron  gas  (2  DEG)  at  the  GalnAs/InP  interface 
(see  below). 

Thanxs  to  very  sharp  transition  of  composition,  (Galn)As  quantum  wells 
(Q.W.)  have  been  realized.  An  example  of  a  photoluminescence  (PL)  from  a 
Frijlink  type  series  of  26  A,  63  A  and  140  A  thick  wells  is  given  in  fig. 
1.  They  exhibit  very  strong  and  sharp  peaks  with  FWHM  equal  to  15,  5.5  and 
4.5  meV  respectively.  This  is  comparable  to,  or  even  better  than  the  best 
results  published  so  far  by  Atmospheric  Pressure  MdVPE  (Kuo  et  al  1935, 
Skolnick  et  al  1986),  by  low  Pressure  MOVPE  (Razeghi  et  al  1985)  or 
Chemical  deam  Epitaxy  (Tsang  et  al  1976)  as  seen  in  fig.  2.  Single  wells 
located  at  a  distance  0  *  500  A  from  tne  surface  have  also  been  grown.  The 
thinnest  well  gave  rise  to  a  PL  peak  290  meV  up-shifted  in  energy  (see 
fig.  1),  Which  should  correspond  (Bastard  1983)  to  a  thickness  of  about  18 
A.  The  PL  intensity  is  very  large  and,  in  the  case  of  single  wells, 
increases  oy  a  factor  of  10  with  respect  to  bulk  material  when  the  QW 
thickness  decreases  down  to  14  A.  PL  excitation  has  been  made  using  an 
argon  laser  light  mostly  absorbed  in  the  InP  top  layer.  The  capture  of 
carriers  in  those  (Galn)As  wells  is  supposed  to  be  very  efficient  in  view 
of  the  above  observations  and  also  because  no  luminescence  is  detected  from 
the  InP  cap  layer  as  long  as  its  tnicxness  D  is  lower  than  3000  A'. 
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Figure  1  :  Photoluminescence  spectra  Figure  2  :  Photoluminescence  Full 
from  two  samples  JP  1102  and  1119  re-  width  at  Hall  maximum  as  a  func- 

corded  at  4  K.  For  each  peak  are  given  tion  of  quantum  well  width  at  4  '< 

the  well  width  and  the  energy  shift  for  different  authors  and  growth 
(in  bracket).  techniques. 
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A  detailed  analysis  of  the  PL  behaviour  of  tnese  wells  will  be  given 
elsewhere  (Moroni  et  al  1986).  It  demonstrates  that  the  sum  of  roughness 
fluctuations  of  both  interfaces  of  the  wells  is  of  the  order  of  4  to  6 
mono-layers.  Tne  InP  — )  (Gain  )As  interface,  i.e.  (Galn)As  grown  on  InP,  has 
been  extensively  studied  because  tne  semi-planar  photodiodes  quality  partly 
rely  on  it  (see  oelow).  Fig.  3  presents  the  results  of  Shubnikov  -  de  Haas 
measurements  recorded  from  the  usual  oar  configuration  sample  (2  current 
injecting  contacts,  5  other  as  bias  prooes).  Pronounced  oscillations  of 
iiiagneto-resi stance  are  detected  as  soon  as  the  magnetic  field  d  exceeds  0.3 
T  as  seen  in  fig.  4.  This  complex  oscillatory  behaviour  has  been  shown 
(Patilloi  et  al  1986)  to  be  related  to  the  presence  of  two  subbands  distant 
by  8  meV  from  each  other,  with  a  sheet  carrier  concentration  in  the  lower 
energy  one  NS^  =  2.15  x  lOH  cm-2  and  NS2  =  0.67  x  lO^l  cin-2  in  tne  other. 
The  Hall  curve  (fig.  3)  exhibits  quantified  effects,  as  manifested  oy 
"plateaux",  some  corresponding  to  integer  nuinoer  index  (n  =  2,  5),  while 
some  other  integer  index  are  missing.  This  more  complex  behaviour  can  oe 
attributed  to  the  presence  of  two  subbends.  The  total  sheet  carrier 
concentration  extracted  in  the  usual  way  from  these  Hall  data  is  equal  to 
2.9  10^1  cm*3,  a  value  similar  to  Nsl  +  Ns2  deduced  from  SdH  analysis.  The 
overall  electron  mobility  in  the  2  DEG  has  been  calculated  from  f  xx 
B  =  0,  using  the  value  of  Nsh,  to  be  250  000  cm2 /Vs,  whicn  is  a  very  high 
value  for  a  2  subband  2  DEG  interface,  and  very  niuch  indicative  of  its 
quality.  Such  a  high  value  also  suggests  tnat  intersubband  scattering  for 
tnat  inaterial  may  not  be  as  important  as  expected  from  general 
consi deration . 
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Figure  3  ;Shubnikov  de  Haas  and  Figure  4  :  Magneto-resistance  Pxx 

quantum  Hall  effect  recorded  at  at  low  magnetic  field  on  the  same 

2.17  K  as  a  function  of  magnetic  sample  as  that  studied  in  figure  3. 
field  B 

Further  analysis  of  that  interface  has  been  made  from  the  point  of  view  of 
perpendicular  transport  properties.  Tne  same  interface  material  as  aoove 
was  used,  but  this  time  a  blanket  zinc  diffusion,  followed  oy  a  mesa 
etching,  was  made  to  obtain  p*/n  mesa  diode,  the  processing  technology 
being  the  same  as  that  used  for  the  photodiode.  Fig.  5  shows  the  variation 
of  its  dark  reverse  current  (bias  =  -  10  V)  as  a  function  of  the  inverse  of 
temperature.  Its  benaviour  is  not  any  more  a  pure  exponentional  and  it 
cannot  either  be  considered  as  a  deep  level  related  generation  current 
(Patillon  et  al  1985),  which  is  consistent  with  tne  fact  that  no  deep 
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level  has  been  detecteJ  by  DLTS  above  lOH  cn*3.  But  this  behaviour  very 
likely  corresponds  to  the  Fowler-Nordheint  tunneling  phenomena,  which  can  be 
fitted  by  the  followini  tiieriiioYonic  emission  current  equation  (Wu  et  al 
1979  )  :  I  =  AT2  exp  {c.  t;c+  AT) 

This  equation  takes  into  account  a  current  flowing  tnrough  an 
interface  presenting  a  oand  off-set  A  Ec.  A  being  tne  Richardson  constant 
and  h,  the  Fermi  level  energy  in  the  (Galn)As  layer.  Frorii  fig.  5,  one 
Obtains  AEc  =  0.236  meV. 

Capacitance  measure.nents  have  also  been  proved  to  oe  very  efficient  in 
the  characterization  of  the  interface.  As  seen  in  fig.  6,  the  space  charge 
concentration  profile  deduced  from  C-V  curves  present  two  peaks.  The  first 
pea<  PI  ’s  detected  at  both  77  and  300  K  and  corresponds  to  tne  emptying  of 
the  2  OEd  under  applied  bias.  The  other  peak  P2  rises  up  in  the  range 
T  <  100  <,  but  smears  out  for  T  >  170.  It  corresponds  to  the  emptying  of  a 
single  electron  trap.  An  iterative  sel f-consisting  approach  has  been  used 
to  solve  the  Poisson  equation  through  the  interface  (Patillon  et  al  1986). 
It  nas  led  to  the  same  value  of  band  offset  from  80  and  300  K  data  equal  to 
A  Ec  =  21s  *  5  meV  and  to  paranieters  of  the  single  electron  trap  (concen¬ 
tration  =  3.7  lOlO  cm-O,  activation  energy  =  US  meV). 

The  small  shift  between  the  two  C-V  corves  recorded  at  77  and  300  K  corres¬ 
ponds  to  a  small  change  of  doping  in  tne  layer  in  that  teinperature  range. 


1000/  T  DtPIH  l|jal 

Figure  5  :  Dark  reverse  current  Figure  6  :  Space  charge  concentration 

of  a  mesa  junction  diode  made  on  profile  deduced  from  C-V  measureiiient 

a  single  hetero-junction.  recorded  on  mesa-junction  diode  made  on 

a  single  hetero-junction,  at  low  tempe¬ 
rature  (full  curve)  and  high  temperatu¬ 
re  (dotted  curve). 

Since  this  trap  is  not  detected  by  DLTS  as  mentioned  above,  this  means  that 
it  has  a  very  low  electron  capture  cross  section  and  this  suggests  that  it 
may  be  an  acceptor.  This  is  the  first  time  that  a  single  deep  level,  and 
not  a  band  of  deep  states,  is  detected  at  one  interface,  and  with  a  very 
low  concentration.  All  these  observations  are  coherent  with  the  high  value 
of  the  electron  mobility  in  tnat  2  DEG  interface. 

It  is  worth  noticing  that  the  same  value  of  -A  Ec,  i-e.  225  ±  10  raeV,  has 
been  measured  from  the  behaviour  of  two  different  parameter  i.e.  the 
current  and  the  capacitance,  and  in  a  wide  range  of  teinperature  (30  to 
400  K).  Tnis  brings  confidence  to  that  value  already  estimated  from  photo¬ 
conductivity  (Skolnick  et  al  1986). 
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4.  Photodetectors 

An  optimized  diode  structure  has  been  realized,  called  the  SEMI -PLANAR 
structure.  As  snown  in  fig.  7,  it  consists  in  a  single  heterostructure  with 
a  mesa  etching  of  the  ternary  layer.  Then  a  single  localized  Zn  diffusion, 
using  a  PECVD  SiN4  mask,  in  a  sealed  ampoule,  allows  to  make  the  p+/n 
junction,  tne  p'*’  layer  being  thin  (0.7  ym)  in  (6aIn)As  and  large  (2  ym)  in 
InP.  Then  the  Pt  Au  front  side  contact  is  evaporated  on  InP,  instead  of 
OalnAs  in  the  usual  process.  This  detector  structure  presents  several 
combined  advantages  :  i)  reduction  of  surface  leakage  current  originating 
at  the  junction  edge  since  it  is  in  the  large  gap  InP  material,  ii) 
reduction  of  bulk  leakage  current  essentially  coming  from  the  small  band 
gap  GalnAs  material,  the  area  of  which  is  made  minimal  since  it  excludes 
the  metallization  pad,  iii)  increased  reliability  of  the  ohmic  contact  on  a 
thick  p+  InP  layer.  Furthermore,  the  junction  edge  in  InP  is  planar  and 
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Figure  7  :  Structure  of  semi- 

planar  diodes.  Diameter  of  active 
(Gain) As  area  =  80  ym 
Surface  of  the  overall  junction 
area  =  10  000  ym2 


thus  easy  to  clean  and  passivate.  As  a  matter  of  fact,  very  low  dark 
current  I(j  is  obtained  as  evidenced  oy  the  histogram  shown  in  fig.  8,  the 
best  data  being  200  pA  at  -  5  V  and  300  pA  at  -  10  V  for  SiO^  passivated 
diodes  as  seen  in  fig.  9.  These  very  good  figures  are  also  very  much 
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Figure  8  :  Histogram  of  serai-planar  Figure  9  ;  best  reverse  dark 
diode  reverse  dark  current  values  at  current  curves  recorded  from 
-  10  V  bias.  Mean  value  I  and  stan-  semi-planar  diodes, 

dard  deviation  Tare  given  in  insert. 
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coherent  with  the  good  quality  of  the  MOVPE  layers.  This  structure  should 
also  lead  to  very  small  capacitance  value  since  the  metallisation  pad  is  on 
top  of  a  very  low  doped  (n  4  3  x  lOl'*  cm-3)  region.  The  present  value, 
close  to  0.6  pF  at  -  10  V,  is  expected  to  decrease  as  soon  as  a  thicker  InP 
buffer  layer  will  be  made.  A  detailed  analysis  of  this  semi -planar 
structure  is  to  be  given  by  Centner  et  al ,  showing  that  the  responsivity  is 
as  nigh  as  0.9  A/U  at  1.3  pm,  i .e.  an  external  quantum  efficiency  at  about 
85  %.  The  speed  of  that  device  has  not  yet  been  measured.  But  one  can 
already  think  that  the  small  band  offset  A.  Ec  =  -25  meV  is  not  a  high 
barrier  for  fast  electrons  at  T  =  300  K  and  that  the  cut-off  frequency  of 
these  SEMI-PLANAR  diodes  should  be  similar  to  that  of  more  classical  mesa 
diode  which  reaches  3  GHz  (Andre  et  al  1985a). 

Acknowl edgeaent  :  The  authors  wish  to  thank  P.  Gentric  for  growing  one  of 
the  QW  structures,  and  B.G.  Martin  and  R.  Duchesne  for  their  skillfull 
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Abstract .  We  have  produced  an  all-semiconductor ,  single-crystal, 
integrated  optical  detector  for  the  visible,  in  which  a  photodiode  and 
an  optical  interference  filter  (high  reflector)  were  integrated  in  a 
single  growth  run  by  metal-organic  chemical  vapor  deposition.  In  this 
structure,  the  high  reflector  is  both  optically  and  electrically  ac¬ 
tive,  being  composed  of  alternating,  doped,  quarter-wave  layers  of  GaP 
and  GaASj . j Po . j .  The  diode  is  a  p-n  junction  superlattice  composed  of 
much  thinner  layers  of  GaP  and  GaAs,, .  j  jP^ . ^ 5 .  The  photodiode  responds 
to  light  from  <460  to  60O  nm,  while  the  high  reflector  rejects  a  narrow 
10  nm  band  centered  near  500  nm.  The  rejection  factor  is  -7  dB  for 
these  prototype  devices.  The  quantum  efficiency,  linearity, 
temperature  and  bias  dependence  of  the  spectral  response  are  reported 
here . 

1 .  Introduction 

In  recent  years.  Increasing  attention  has  been  focused  on  the  use  of  all- 
semiconductor  optical  integrated  circuitry  to  perform  switching, 
modulation,  demodulation,  waveguiding,  and  detection  of  photonic  signals. 
The  success  of  the  al  1 -semiconductor  approach  to  integrated  optics  will 
depend  on  the  ability  to  fabricate  needed  optical  elements  with  existing 
and  developing  crystal  growth  methods.  With  existing  growth  techniques  it 
has  recently  been  demonstrated  that  it  is  possible  to  grow  single-crystal 
III-V  semiconductor  multilayers  with  precision  layer  thicknesses  001 — 
responding  to  a  quarter-wave  of  light  in  the  visible  and  near  infrared 
spectral  regions  (Gourley  et  al  1986a,  1986b).  Although  these 
semiconductor  optical  interference  structures  have  not  yet  received  much 
attention,  they  hold  promise  as  a  versatile  new  class  of  optically  and 
electrically  active  interference  filters  which  can  be  integrated  with 
other  device  structures  (Gourley  1985).  Furthermore,  these  single  crystal 
filters  can  be  implemented  with  alternating  layer  materials  which  are 
either  lattice-matched  or  lattice-mismatched  in  the  bulk. 

Here,  we  report  the  growth,  fabrication,  and  characterization  of  a  single¬ 
crystal,  integrated  high-reflector/photodiode  (HRPD)  optical  detector  for 
operation  in  the  visible  wavelength  range.  This  device  functions  as  a 
visible  wavelengtlj  band  optical  detector  with  selective,  harrow-wavelength 
band  rejection  for  suppression  of  unwanted  monochromatic  light.  The 
device  was  produced  in  a  single  growth  run  by  metal-organic  chemical  vapor 
deposition  of  both  a  p-n  junction  GaAs  P.  /GaP  strained-layer 
superlattice  photodiode  and  a  quarter-wave  hign  reflector  composed  of 
alternating  layers  of  Gap  (low  Index  material)  and  GaAs  P^_  (high  index 
material)  with  the  high  index  material  outermost.  In  \hese  filters,  the 
difference  in  refractive  index  between  adjacent  layers  is  relatively  small 
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('2-4J)  SO  that  the  high  reflectance  zone  is  quite  narrow  (-  100  A).  This 
feature  is  attractive  for  wavelength-selective  enhancement  or  suppression 
of  transmitted  or  reflected  light  at  an  interface.  Although  small  index 
difference  means  lower  interlayer  reflectance,  we  show  that  the  net 
reflectance  can  be  controlled  over  a  wide  range  of  values  with  total 
numbers  of  layers  and  uniformity  that  are  practicable  to  achieve. 

2 .  Experimental  Methods 


The  structures  were  grown  by  a  metal-organic  chemical  vapor  deposition 
process  described  elsewhere  (Biefeld  1986).  A  schematic  of  the  structure 
is  illustrated  in  Fig.  1.  The  HRPD’s  were  grown  onto  a  step-graded,  n- 
type  buffer  layer  which  was  grown  onto  an  n-type  < 1 00>-or lented  GaP 
substrate.  The  HRPD’s  were  grown  in  the  sequence  {  n-SLS , p-SLS , p-HR  )  , 
where  SLS  is  a  strained-layer  superlattice  of  GaP  and  GaAs,, .  j  5P0  •  6  s .  HR  is 
the  high  reflector  with  N=50  periods  of  GaP  (AGO  A)  and  GaASo.jPo.s  CAOO 
A),  and  n  and  p  refer  to  the  doping  type.  All  doping  concentrations  were 
in  the  mid  10'’  to  low  10“  cm-^  range.  Oppositely  doped  HRPD  structures 
were  also  grown  although  fabrication  was  slightly  more  difficult.  The 
SLS  p-n  junction  photodiode  in  this 
structure  is  similar  to  previously 
reported  SLS  photodiodes  which 
demonstrated  high  external  quantum 
efficiency  (Biefeld  et  al  1983).  The  HR 
quarter-wave  layer  thickness  was 
designed  to  position  the  high  reflec¬ 
tance  wavelength  i,  near  the  peak 
wavelength  of  the  isolated  photodiode 
spectral  response. 


The  grown  materials  were  characterized 
in  several  ways.  The  compositions  and 
layer  thicknesses  determined  by  x-ray 
diffraction.  The  Interlayer  thickness 
uniformity  for  a  given  sample  was 
generally  very  high  as  determined  in  a 
separate  Auger  profiling  study 
(Chamberlain  and  Wallace  1985).  Although 
the  compositions  were  relatively  easy  to 
control,  the  quarter-wave  thickness  was 
subject  to  greater  fluctuation  from  run 
to  run.  The  present  study  required  a 
very  tight  tolerance  (<10t)  on  layer 
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thickness,  which  would  have  greatly  benefited  from  an  in  situ  thickness 
monitor.  Finally,  we  mention  that  the  electronic  properties  (minor  ity 
carrier  diffusion  lengths,  energy  band  gap,  and  absorption  coefficient)  of 
these  materials  have  previously  been  studied  (Osbourn  ot  al  1987). 


The  devices  were  fabricated  in  the  following  sequence.  After  cleaning  the 
top  surfaces,  a  AuBe/Au  deposition  and  lift-off  process  was  performed  to 
form  p-type  annular  contacts.  Next,  an  n-type  AuGe/Ni/Au  metallization 
was  deposited  fully  across  the  bottom  surface,  and  the  wafer  was 
annealed  for  2  minutes  at  A25  "C  in  hydrogen  gas.  To  electrically  isolate 
different  devices,  a  SiOj  layer  was  deposited,  patterned  with  photoresist, 
and  p lasma -etched  to  expose  the  unwanted  surface  regions.  These  regions 
were  subsequently  etched  away  with  a  GaP  etchant  to  leave  mesa  structures 
(0.3,  1.0,  and  1.5  mm  in  diameter)  which  isolated  the  high 
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ref lector/photodiode  layers.  Finally,  the  remaining  SiOj  was  ohemloally 
removed,  and  the  final  surface  cleaned.  Before  dicing,  the  electrical 
characteristics  of  the  isolated  devices  were  tested  with  an  I-'V  curve 
tracer.  In  addition,  the  front  surface  reflectance  of  each  device  was 
measured  in  a  microspectrophotoraeter .  This  enabled  us  to  screen  out 
devices  with  defective  contacts  or  poor  surface  quality.  As  a  last  step, 
the  best  devices  were  scribed  and  mounted  on  carriers  for  subsequent 
testing. 

In  the  I-V  curves  of  a  typical  finished  device  (1.5  mm  diameter),  the 
forward  turn-on  voltage  is  about  1.6  V.  For  6  decades  of  current  below 
2x10-"  A,  the  curve  is  logarithmic  with  ideality  factor  of  2.0.  Above 
this  range  the  forward  series  resistance  can  be  approximated  by  a  -20  n 
linear  region  which  is  determined  by  the  contact  resistance  of  the  top 
metal  annulus  (area  -5J  of  total).  This  demonstrates  the  thick  HR  is 
sufficiently  conductive  to  avoid  high  series  resistance.  The  reverse 
saturation  current  density  is  6.6x10-’  A/cm’  at  -3  V,  and  the  reverse 
breakdown  voltage  is  about  -13  V.  These  values  are  typical  for  p-n 
Junctions  fabricated  with  GaAs^P  /GaP  SLS  materials  (Myers  et  al  19811). 
Thus,  the  electrical  characteristics  of  these  diodes  are  not  degraded  in 
any  way  due  to  the  presence  of  the  HR  or  the  processing  steps  needed  to 
fabricate  the  HRPD. 

The  optical  response  of  the  finished  HRPD  device  was  measured  as  a 
function  of  applied  bias  and 
temperature  with  a 
microspectrophotometer  with 
beam  diameter  as  small  as  30 
urn.  In  addition,  a  laser  beam 
of  selected  wavelength  could 
be  coupled  into  the 
m  i  c r osp e c t rop hot ome ter  for 
absolute  radiometric 
measurements  of  the  device 
quantum  efficiency  and 
response  linearity.  To 
measure  absolute  surface 
reflectance,  uncalibrated 
reflectance  spectra  for  the 
device  and  a  reference  mirror 
Were  Separately  measured.  The 
two  spectra  were  ratioed  and 
r.'rrected  for  the  known  ab¬ 
solute  reflectance  of  t n e 
reference  mirror.  The  error 
in  this  absolute  measurement 
is  less  than  a  few  percent. 

3.  Experimental  Results 

A  measured  reflectance 
spectrum  of  an  HRPD  is  shown 
(solid  curve)  in  Fig.  2a.  The 
spectrum  has  a  pronounced 
maximum  of  0.86  near  500  nm 
due  to  coherent  reflection  of 


WAVELENGTH  (nm) 


Fig  2.  (a)Mea3ured  reflectance  spectrum 
(solid  line)  of  the  front  surface  of  a  high- 
reflector/photodiode  structure  at  room 
temperature.  (b)Med8ured  photocurrent  versus 
wavelength  for  the  same  structure  operated 
with  no  external  bias. 
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light  from  the  front  surface  and  Interior  interfaces.  The  peak  width  is 
only  10  nm  due  to  the  small  -31  difference  in  the  index  of  refraction 
between  adjacent  layers.  According  to  the  theory  of  optical  interference 
filters  (Macleod  1969),  the  wavelength  of  the  central  peak  is  given  by 
2(nj^d  +  where  n  and  d  are  the  index  and  layer  thickness,  and  H 

and  L  refer  to  nigh  and  low  index  layer,  respectively.  The  peak  reflec¬ 
tance  is  -  [  ( 1 -n*  )/ ( 1  tn*  )  ]  ^  where  n»  -  ^ ^ 
effective  index  of  refraction.  The  width  of  the  reflectance  extremum  is 
(n^-n^^ )/ii (nj^  +  n^^) .  The  characteristics  of  the  high  reflectance 
zone,  peak  position,  height  and  width,  predicted  by  these  simple  equations 
are  in  good  agreement  with  the  measured  lineshape  in  Fig.  2a.  As  a  side 
comment,  we  mention  that  we  have  fit  spectra  like  these  using  theoretical 
spectra  computed  by  the  matrix  field  transfer  method  (Ctourley  1986a).  We 
find  that  the  refractive  indices  determined  in  the  fit  are  within  2%  of 
the  literature  values  (Pikhtin  and  Yas'kov  1980)  for  indices  of  bulk  Gap 
and  GaAs^P^_^.  We  have  estimated  the  effect  of  the  doping  and  strain  on 
the  refractive  index,  and  find  that  the  change  in  index  between  adjacent 
layers  is  almost  entirely  due  to  the  difference  in  composition. 

In  Fig.  2b.,  we  show  the  measured  HRPD  spectral  response  at  room 
temperature  with  zero  external  bias.  The  diode  responds  to  light  in  the 
range  460  to  600  nm  with  peak  response  near  500  nm.  In  the  HRPD  spectrum, 
the  effects  of  the  high  reflector  are  quite  prominent.  The  photoresponse 
shows  sharp  minima  near  502  and  515  nm  corresponding  to  reflectance  maxima 
in  Fig.  2a.  At  502  nm  the  HRPD  response  is  suppressed  by  a  factor  of  -5, 
giving  7  dB  rejection.  Although  this  rejection  factor  of  this  prototype 
device  is  rather  low  for  practical  application,  the  result  clearly 
demonstrates  the  concept  of  integrating  an  active  device  and  interference 
filter  by  single  crystal  growth.  Means  of  improving  performance  will  be 
discussed  shortly. 

Using  5208  A  laser  excitation,  the  HRPD  response  linearity  and  quantum 
efficiency  was  measured.  We  found  a  linear  response  over  the  range  of 
Irradiance  levels  investigated,  encompassing  8  orders  of  magnitude  from 
2x10-'’  W/cm'  to  2C  W/cm^  .  This  data  translates  into  a  peak  responsivity 
of  0.025  A-'k  or  1  3  t  external  quantum  efficiency.  Tl.e  quantum  efficiency 
is  lowered  slightly  by  apscrption  in  the  HR  due  to  indirect  X-point 
transitions.  From  the  spe  tra  in  Fig.  1.  (both  Ca)  and  Cb)),  it  is 
evident  that  the  HR  starts  to  strongly  absorb  near  490  nm.  This  is  due  to 
a  direct  r-point  transition.  From  speclrum  (b)  we  determine  a  weak  ab¬ 
sorption  onset  near  600  nm  and  strong  onset  near  530  nm  corresponding, 
respectively,  to  the  X  and  r  transition  energies  of  the  SLS  in  the 
Junction  region. 

We  have  also  measured  the  response  characteristics  over  the  temperature 
range  78  to  300  K.  We  find  that  the  high  reflectance  peak  shifts  with 
temperature  at  a  rate  -0.02  nm/^C.  This  change  is  consistent  with  a 
decrease  in  refractive  index  of  -2. 3x1 0-" / “ C  for  the  HR.  This  value  is 
typical  for  III-V  semiconductors  near  a  direct  band  edge.  Over  the  same 
T-range,  the  photodiode  peak  response  shifts  faster,  ,-0.10  nm/°C.  This 
shift  is  explained  by  the  temperature  shift  of  the  direct  gap  transition 
in  the  SLS  junction.  As  a  result  of  the  difference  in  temperature  shifts, 
the  high  reflectance  band  moves  away  from  the  peak  of  the  diode  response 
to  longer  wavelengths.  Thus,  for  lower  temperature  operation,  care  must 
be  taken  to  design  HR  wavelength  to  account  for  these  temperature  shifts. 
It  should  be  noted  that  the  T-shift  for  an  all-semiconductor  filter  is 
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comparable  to  that  in  optical  interference  filters  prepared  with  conven¬ 
tional  materials  by  vacuum  evaporation. 

Finally,  we  have  characterized  the  HRPD  photoresponse  at  different  values 
of  applied  reverse  bias.  With  1.5  volt  reverse  bias,  we  find  an  -10? 
increase  in  the  quantum  efficiency  accompanied  by  a  small  dark  current  of 
17  pA .  With  3  volts  reverse  bias,  the  quantum  efficiency  changes 
negligibly,  and  the  dark  current  increases  to  about  200  pA .  With  the 
latter  bias  condition,  the  device  noise  increased  substantially. 


We  have  grown  many  other  HR's  with  x»0.2  corresponding  to  different  layer 
thicknesses  from  310  to  580  A,  Including  undoped  and  n  and  p-type 
structures.  These  data  show  that  X  <,  increases  directly  with  layer 
thickness  as  expected  from  theory  and  can  be  varied  over  a  wide  range,  tbO 
to  750  nm.  The  lower  (upper)  limit  is  imposed  by  absorption  (layer 
critical  thickness).  It  is  important  to  note  that  this  range  includes  the 
energy  gaps  for  these  multilayers  (1.83"2.26  eV )  as  determined  in  separate 
absorption  and  photoluminescence  experiments  (Osbourn  et  al  1987).  Thus 
the  HR  wavelength  and  its  energy  bandgap  can  be  varied  independently.  We 


nave  also  grown  a 
several  high  reflectors  correspon¬ 
ding  to  different  numbers  of 
periods  N.  The  results  are 
summarized  in  Fig.  3  by  plotting 
the  peak  reflectance  value  against 
N  (open  points).  The  reflectance 
values  extend  from  0.30  for  the 
bare  GaP  substrate  to  0.90  for 
N-50.  The  calculated  values  for  R 
(solid  line)  describe  the  data 
well.  These  data  indicate  that  100 
periods  must  be  grown  to  achieve 
0.99  which  give  20  dB  rejection 
for  a  practical  HRPD  device.  There  y 
should  be  no  fundamental  problem  in  Z 
realizing  these  high  reflectance^ 
values,  provided  strict  control  of  O 
uniformity  of  1  a y e r - l o - 1  a y er 
thickness  and  doping  is  maintained.  tL 
In  addition,  thicker  structures^ 
with  large  N  must  be  designed  for 
longer  wavelengths  where  absorption 
will  be  smaller. 

A.  Discussion  and  Summary 

Several  Important  concepts  are 
demonstrated  with  this  device. 
First,  we  have  demonstrated 
successful  integration  by  a  single 
growth  process  of  a  semiconductor 
optical  interference  filter  with  an 
active  device.  Second,  this  in¬ 
tegration  was  carried  out  with 
materials  which  are  lattice- 
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Fig,  3,  Summary  of  measurements  (open 
points)  for  several  different  structures 
corresponding  to  different  numbers  of  periods 
N.  For  each  structure,  the  measured  peak 
reflectance  R  is  plotted  against  N.  The 
solid  line  Is  tne  calculated  value  of  R  . 
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mismatohed  in  bulk.  Third,  we  have  demonstrated  the  concept  of  an 
electrically  active  optical  interference  filter:  the  high  reflector  is 
both  electrically  active  (providing  electrical  contact  to  the  burled 
junction)  and  optically  active  (providing  enhanced  reflectance  from 
coherent,  multiple  interfacial  reflections). 

Single-crystal  semiconductor  multilayers  for  electrically  active  optical 
interference  filters  have  a  potentially  very  broad  range  of  application, 
including  detectors  (as  above),  emitters,  and  bistable  devices.  They  are 
technologically  attractive  because  they  can  be  integrated  with  other 
device  structures.  Furthermore,  it  should  be  possible  to  modify  their 
optical  properties  by  intense  light  or  electric  fields. 
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A  (Ga,AI)As  semiconductor  scintillator  with  monolithically  integrated 
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Abstract.  A  new  type  of  a  nuclear  particle  and  X-ray  detector  with  a 
(Ga,Al)As-GaAs  heterojunction  is  demonstrated.  A  liquid  phase  epitaxial 
(Ga,Al)As  layer  of  up  to  200  pm  thickness  with  graded  band  gap  acts  as 
scintillator  and  the  junction  as  photodiode  with  GaAs  as  absorbing 
layer.  The  detector  can  be  arranged  to  hybrid  or  monolithical  position 
sensitive  arrays.  Experimental  results  will  be  presented  both  for 
single  detectors  and  linear  arrays. 

1 .  Introduction 

In  the  last  few  years  high  internal  luminescence  efficiencies  close  to 
100  %  have  been  reported  for  various  compound  semiconductors  used  for 
infrared  emitting  diodes,  in  particular  for  GaAs  and  (Ga,Al)As  (Roedel, 
Xeraraidas  1979,  Leibenzeder,  Heindl  1980).  The  band  gaps  of  these  semicon¬ 
ductors  are  four  or  five  times  smaller  than  the  gaps  of  scintillators 
usually  used  for  nuclear  detectors.  The  mean  energy  for  electron  hole  pair 
creation  by  high  energetic  particles  or  X-rays  should  therefore  be  strong¬ 
ly  reduced  in  a  "semiconductor  scintillator". 

However,  two  problems  are  inherent  in  this  type  of  scintillator:  Firstly, 
strong  selfabsorption  is  expected  in  these  direct  gap  semiconductors,  and 
the  absorbed  photons  are  lost  at  least  after  several  reabsorption  steps 
if  internal  quantum  efficiency  is  less  than  unity.  Secondly,  transmission 
of  light  out  of  the  semiconductor  surface  is  strongly  reduced  by  the  high 
refractive  indices. 

The  first  problem  can  be  solved,  at  least  partially  ,  using  a  semicon¬ 
ductor  with  a  graded  band  gap.  The  second  difficulty  can  be  overcome 
integrating  monolithically  a  photodiode  directly  on  the  scintillator. 

We  want  to  show  the  concept  of  a  new  X-ray  or  nuclear  radiation  dectector, 
the  realization  of  the  concept  as  well  as  experimental  results  with  single 
detectors  and  detector  arrays. 

f 

2.  Concept  and  Operation  Mode 

A  p‘*’-(Ga,Al)As:Si  epitaxial  layer  with  a  graded  band  gap  acts  as  a 
scintillator  with  small  average  energy  for  electron  hole  pair  creation  (1) 
and  high  internal  quantum  efficiency.  The  expected  self  absorption  of  the 
scintillation  light  (2)  within  this  "direct"  semiconducto"  is  avoided  by 
two  steps:  first,  the  band  gap  increases  in  one  direction  due  to  a  varying 
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A1  mole  fraction,  and  second,  the  Si  doping  causes  a  shift  of  the  lumi¬ 
nescence  to  lower  energies  relative  to  the  absorption  edge.  A  n'-GaAs 
layer  is  monol ithical ly  integrated  on  the  high  energy  gap  side  of  the 
(Ga,Al)As  layer,  forming  a  p’-n*  heteroj unction.  Photons  propagating  in 
direction  of  the  increasing  band  gap  (3)  are  absorbed  (4)  in  the  space 
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charge  region  of  the  n’-GaAs  generating  a  photocurrent  pulse.  Photons 
propagating  toward  the  decreasing  band  gap  are  reabsorbed  (3'). 

However,  due  to  "photon  recycling"  effects  (Rtihle,  Hoffmann,  Leibenzeder 
1982)  in  these  layers  with  high  internal  quantum  efficiency,  they  are 
reemitted  (3'')  and  can  contribute  to  photocurrent. 

The  advantages  of  this  new  type  of  solid  state  detector  are  obvious; 
i)  Smaller  pair  creation  energy  in  comparison  to  ion  crystal  scintillators, 
li)  direct  conversion  of  scintillation  light  into  an  electrical  signal 
by  the  integrated  photodiode,  ill)  high  stopping  power  in  contrast  to  Si, 
and  iv)  room  temperature  operation  in  contrast  to  Ge. 

3.  Sample  Preparation 

A  high  purity  n'-GaAs  epitaxial  buffer  layer  is  grown  on  a  n’'’-GaAs 
substrate  by  liquid  phase  epitaxy.  Subsequently,  the  p'*'-(Ga,Al)As:Si 
doped  layer  is  grown  onto  this  buffer  layer.  Both  steps  are  either 
performed  in  one  graphite  slider  boat  with  different  chambers  for  the 
two  melts  or  in  two  completely  separated  procedures  in  different  ovens. 

The  second  possibility  results  in  a  lower  doping  level  of  the  buffer 
layer  (n~  2  -  10  x  lO'^  cm"^). 

The  thicknesses  vary  between  70  and  150  pm  up  to  now.  "^he  A1  mole  fraction 
at  the  heterojunction  is  always  about  30  %  ensuring  that  the  {Ga,Al)As  at 
this  point  is  still  a  direct  gap  semiconductor.  Growth  'must  be  started 
at  temperatures  below  the  transition  temperature  (n  to  p)  of  the 
amphoteric  Si  in  (Ga,Al)As  in  order  to  achieve  p-type  conduction.  A  graded 
band  gap  is  obtained  automatically  due  to  the  high  distribution  coeffi¬ 
cient  of  A1 ,  as  revealed  by  a  microprobe  analysis. 
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4.  Experimental  Results 

First,  we  performed  some  photoluminescence  experiments  with  "front"  and 
"back"  excitation  in  order  to  get  some  idea  about  selfabsorption  in  the 
(Ga,Al)As  layers.  For  these  experiments  the  substrate  and  the  buffer  layer 
are  completely  removed  by  chemical  etching.  Self  supporting  (Ga,Al)As:Si 

layers  are  obtained.  In  Fig.  2  the 
two  spectra  obtained  with  "front"  and 
"back"  excitation  are  shown.  "Frout" 
excitation  means,  that  the  laser  hits 
the  surface  with  low  A1  mole  fraction, 
which  is  pointing  towards  the  spectro¬ 
meter.  "Back"  excitation  means,  that 
the  excited  surface  with  low  A1  mole 
fraction  is  pointing  away  from  the 
entrance  slit,  i.e.,  the  luminescence 
has  to  pass  through  the  whole  epi¬ 
taxial  layer  suffering  selfabsorption. 
Fig.  2  shows  that  selfabsorption  re¬ 
duces  the  intensity  only  by  about  a 
factor  of  two,  although  a  quantitative 
comparison  is  rather  difficult.  The 
spectrum  is  however  shifted  to  longer 
wavelengths. 

In  a  second  experiment  we  looked  at 
the  cleavage  of  the  device  with  a 
scanning  electron  microscope  (SEM). 

A  picture  of  the  cleaved  surface  is 
shown  in  Fig.  3.  The  situation 
corresponds  to  Fig.  1:  the  p-(Ga,Al)As 
layer  is  on  the  left  side,  the  band 
gap  decreasing  to  the  left.  The  p-region  is  slightly  darker  than  the 
n-regions  of  the  buffer  layer  and  the  substrate.  This  effect  in  the  SEM 
is  caused  by  the  potential  contrast  due  to  the  diffusion  potential. 

A  line  scan  of  the 
electron  beam  induced 
current  (EBIC)  is 
included.  A  strong 
EBIC  signal ,  the  peak 
in  the  line  scan  { 1) , 
is  obtained  at  the 
pn-junction. 

Additionally,  a  broad 
hump  (II)  is  observed 
on  the  left  side, 
i.e. ,  when  the 
electron  beam  hits 
the  almost  field  free 
p  -(Ga,Al)As  layer. 

This  is  a  direct 
proof  that  the  device 
works  as  expected: 

The  electron  beam 
generates  electrons 
in  the  p-(Ga,Al)As 
(( 1)  in  Fig  1). 


Figure  2 

Photoluminescence  of  a  p-(Ga,AtlAs  layer 
(80 pm  thccki  iwith"front"(II  and  "back" 
(21  excitation 


432 


Gallium  Arsenide  and  Related  Compounds  1986 


They  recombine  (2)  emitting  photons  (3)  which  are  absorbed  in  the  space 
charge  region  (4).  A  current  is  induced. 

Third,  we  took  pulse  height  spectra  with  this  new  detector  using 
Am  241  wk -particles  (5.49  MeV).  The  -particles  were  incident  almost 
perpendicular  on  the  small  band  gap  side  of  the  (Ga,Al)As  surface  and 
have  a  range  of  -w  15  pm.  Parts  of  the  smaller  gap  side  of  the  scintil¬ 
lation  layer  are  removed  in  order  to  study  the  spatial  dependence  of 
pair  creation  energy.  The  »  -particle  spectra  shown  in  Fig.  4  are  taken 
with  three  different  thicknesses  of  the  (6a,Al)As  layers.  From  left  to 
right  80,  30  and  15  pm  of  the  scintillation  layer  are  left.  The  scale  of 
the  pulse  height  axis  is  labelled  in  Si-equivalent  MeV.  In  the  last  case 
the  «* -particles  already  cross  the  pn-junction.  A  mean  net  pair  creation 
energy  can  be  calculated  from  the  peak  position.  230,  29,  and  14  eV  are 
obtained  respectively,  i.e.  the  pair  creation  energy  depends  strongly  on 
the  spatial  position. 

I - r - ■ 

Pulic  height  in  $■  touiwt'cnf 


F  i  Q  .  4  hfijhl 

Pull*  h«i9ht  iptclrj  of  Am  241  a  -panicles  with  3  wmplfi  with  diftertnt 
Ihichncsi  of  th«  (  G«>U  I  Ai  l«vei 


The  width  of  the  peak  is  due  to  several  contributions; 

i)  Variation  of  the  net  pair  creation  energy  E.  within  the  stopping 
path  of  the  * -particles. 

ii)  Nonuniform  thickness  of  the  (Ga,Al)As  layer  and  corresponding 
changes  in  Ej. 

iii)  Deviations  in  the  angle  of  incidence  of  the  «  -particles. 

iv)  Electrical  noise  due  to  the  high  capacitance  of  the  devices. 
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Fourth,  in  Fig.  5  we  show  the  results,  obtained  with  X-ray  pulses  and 
a  linear  detector  array  (insert).  The  circles  and  crosses  show  the  signal 
of  5  different  stripes  as  a  lead  slit  is  scanned  across  the  array. 


0  5  1  I  S  J  J.S  3  3.8  t  4.5  5  5.5  6  6.5  7  7.5  6  8.5  9  9.5  10 


-  .  r-  QOHtion{n)in) 

Fig.  5 

(G4,AI)  As-G«At  Imtar  detector  errey  icenned  lyrth  100  heV  X-reyt 


Finally,  a  reverse  bias  does  not  change  any  of  the  demonstrated  results 
giving  more  evidence  that  the  device  operates  as  expected. 

5.  Discussion 

Figures  3  to  5  demonstrate  that  this  new  zero  bias  (Ga,Al)As  detector 
works  well,  but  it  has  a  strong  spatial  variation  of  pair  creation  energy 
E-.  This  variation  is  caused  by; 

i)  Variation  of  energy  gap  and  hence  the  primary  E.  of  step  1  in  Fig.  1 
due  to  the  varying  A1  mole  fraction  (increase  of  E.  to  the  right 

in  Fig .  1 ) .  * 

ii)  Spatial  variation  of  the  internal  quantum  efficiencies.  Space  resolved 
photoluminescence  experiments  on  cleaved  devices  show  that  quantum 
efficiency  decreases  to  the  right  (increase  of  E,  to  the  right).  This  may 
be  due  to  a  decrease  in  hole  concentration  from  left  to  right  (amphoteric 
character  of  the  Si-doping). 

iii)  Differences  in  photon  recycling  effects:  Photon  recycling  is 
certainly  more  expressed  on  the  right  (Ruble .  Hoffmann,  Leibenzeder  1982) 
(decrease  of  E^  to  the  right). 
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iv)  Self absorption  without  photon  recycling  leads  to  a  decrease  of  Ej 
to  the  right. 

v)  The  luminescence  at  long  wavelengths  is  not  absorbed  in  the 
pn-junction,  leading  to  a  strong  increase  of  E.  at  the  left  side  where 
only  few  A1  is  incorporated. 

The  last  effect  is  mostly  responsible  for  the  high  E-  for  the  regions 
with  almost  no  A1 ;  The  energy  gap  of  GaAs  correspond^  to  about  865  nm 
whereas  the  luminescence  arriving  at  the  pn-junction  and  coming  from  the 
left  side  has  wavelengths  longer  than  870  nm  (see  Fig.  2). 

The  overall  spatial  variation  of  E-  is  therefore  a  mixture  of  several 
varying  contributions  which  cannot^be  clearly  separated.  This  spatial 
E. -variation  prevents  the  application  of  the  device  as  an  energy  resolving 
niiclear  radiation  detector.  However,  in  the  field  of  X-ray  imaging  there 
are  applications,  where  this  inhomogeneity  should  be  uncritical  and  where 
this  new  detector  might  be  very  useful. 

6.  Conclusions 

A  new  type  of  semiconductor.  X-ray  or  nuclear  particle  detector  with  a 
net  pair  creation  energy  between  14  and  230  eV  is  presented.  This  pair 
creation  energy  covers  the  until  now  existent  gap  between  conventional 
semiconductor  detectors  and  scintillation  detectors.  This  detector  can 
still  be  improved:  quantum  efficiency  can  be  maximized,  homogeneity  in 
pair  creation  energy  can  be  improved  and  the  thickness  of  the  (Ga,Al)As 
layers  must  be  increased. 
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1.  Introduction 


One  of  the  attractive  features  of  the  quantum  well  (QW)  structures  is  the 
existence  of  excitons  at  room  temperature  (Ishibashi  et  al.  1983>  Miller 
et  al, 1982a),  which  was  observed  with  absorption  measurements.  Excitonic 
nonlinear  optical  properties  in  QW  structures,  such  as  absorption  satura¬ 
tion  and  the  associated  nonlinear  refraction  have  been  studied  at  room 
temperature  by  Miller  et  al.  (1982b,  Chemla  et  al.  1984).  On  the  other 
hand,  electric  field  effects  on  optical  properties  of  the  QW  structures  is 
attracting  a  great  deal  of  practical  interest  with  their  high  speed  swi¬ 
tching  capability.  The  optical  properties  relevant  to  the  exciton  states, 
such  as  absorption  coefficient  and  refractive  index,  are  sensitively 
affected  by  electric  field.  Up  to  now,  several  field-controlled  optical 
devices  were  proposed  and/or  demonstrated  (Yamanishi  et  al.  1983.  Wood  et 
al.  1984,  Miller  et  al,  1984a,  Yamamoto  et  al.  1985).  Experimental  data  on 
field-induced  variations  in  refractive  index  and  absorption  coefficient  of 
QW  structures  are  quite  important  for  designing  such  devices.  Electro¬ 
reflectance  (ER)  (Erman  et  al.  1984,  Alibert  et  al.  1985)  and  electro¬ 
absorption  (EA)  (Wood  et  al.  1984)  measurements  are  effectively  available 
to  understand  the  field  effects  on  refractive  index  and  absorption  coeffi¬ 
cient  of  QW  structures  over  a  wide  wavelength  range,  particularly, 
involving  the  excitonic  gap. 

In  this  paper,  we  shall  report  ER  spectra  of  a  GaAs/AlAs  raulti-QW  (MQW) 
structure  at  room  temperature  (Hagai  et  al.  1986a,  1986b).  The  measured 
ER  data  can  be  well  interpreted  in  terms  of  the  theoretically  obtained 
dispersions  of  refractive  index  variation,  which  include  the  contributions 
of  the  excitonic  transitions.  This  indicates  that  the  observed  data 
result  in  exciton-induced  features  on  the  variations  in  refractive  index. 
A  maximum  variation  of  refractive  index  An/n  in  each  QW  at  a  photon  energy 
near  the  lowest  excitonic  transition  gap  was  obtained  to  be  4%  in  each  QW, 
induced  by  the  10^V/cm  field  modulation.  We  shall  also  report  ER  and  EA 
spectra  in  a  GaAs/AlGaAs  multi-QW  (MQW)  structure  at  room  temperature, 
demonstrating  a  relation  between  dispersion  curves  of  the  field-induced 
variations  in  refractive  index  and  absorption  coefficien'  in  the  structure 
(Nagai  et  al.  1986c). 

2.  ER  Dispersion  for  a  GaAs/AlAs  QW  Structure 

The  sample  configuration  for  the  present  ER  measurements  is  shown  in 
Fig.1.  N-doped  Alo,7Gag  jAs  (n-I.C  pm)  and  20-period  undoped  superlattice 
composed  of  alternate  lOOA  GaAs  well  and  300  A  AlAs  barrier  were  sequen- 
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tially  grown  on  an  n-type  GaAs 
substrate  by  molecular  beam 
epitaxy.  The  couplings  between  the 
adjacent  wells  in  the  MQW  structure 
might  be  negligible  because  of  the 
thick  AlAs  barriers  so  that  the  MQW 
structure  can  be  regarded  as  a 
collection  of  uncoupled  quantum 
wells.  Therefore,  the  theoretical 
estimations  can  be  made  by  con¬ 
sidering  an  isol^ated  single  well. 
Very  thin  ('U200  A)  Au  film,  trans¬ 
mitting  the  monochromatic  light, 
was  deposited  on  the  top  surface  of 
the  MQW  structure  to  form  a 
Schottky  contact.  The  electric 
field  across  the  MQW  structure 
perpendicular  to  the  well  plane 
could  be  applied  by  reverse  biasing 
by  capacitance-voltage  measurements 
the  MQW  structure  for  reverse  bias 
ponding  to  an  electric  field  of  3xlC 


Fig.  1  Sample  configuration  and 
experimental  arrangements  used  in  the 
ER  measurements. 

the  Schottky  diode.  It  was  confirmed 
that  the  depletion  layer  spread  over 
voltages,  larger  than  2  volts  corres- 
V/cm. 


The  monochromatic  light  is  focused  on  the  surface  of  the  sample  at  an 
incident  angle  of  about  2.5°  and  the  reflected  light  intensity  is  measured 
by  a  photomultiplier.  All  data  were  obtained  at  room  temperature  at  low 
light  intensity  (1.5x10““^  W/cm^),  so  that  the  intensity  does  not  have  any 
effect  on  the  obtained  result. 


Prior  to  description  of  experimental 
results  on  the  ER  spectra,  we  show  the 
theoretical  dispersions  of  the  field- 
induced  modulations  of  refractive  index, 
making  easy  to  understand  the  measured 
ER  data.  The  imaginary  parts  of  dielec¬ 
tric  constant  caused  by  the  excitonic- 
and  free  carrier-transitions  were  esti¬ 
mated  and,  then,  their  contributions  to 
the  real  part  of  dielectric  constant 
were  obtained  by  Kramers-Kronig  trans¬ 
formation  of  the  imaginary  parts  (Nagai 
et  al.  1986a).  In  the  estimation  of  the 
free  carrier  contribution  to  the  imagi¬ 
nary  part,  energy-dependent  transition 
matrix  elements  (Yamanishi  et  al.  1984) 
and  line  broadenings  were  taken  into 
account. 

The  calculated  dispersions  of  the  field- 
induced  modulations  of  refractive  index 
for  a  modulating  field  of  6.25x10^  V/cm 
are  shown  in  Fig.2.  The  downward  peaks 
of  lower  and  higher  energy  side  in  the 
spectra  are  originated  in  the  lowest 
electron  to  heavy  hole  (lelhh)  and  the 
lowest  electron  to  light  hole  (lellh) 


PHOTON  ENERGY (eV) 
t,49  1.47  1.45  1.43 


WAVELENGTH(nm) 

Fig.2  Estimated  dispersions  of 
field-induced  variation  in 
refractive  index  of  the  quantum 
well.  The  arrows  show  the  exoi- 
tonic  transition  energies  of 
lelhh  and  lellh  transitions. 
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excitonic  transitions,  respectively* 

The  obtained  spectral  shapes  mainly 
result  from  the  shift  of  the  excitonic 
optical  transition  energy  due  to  the 
applied  field,  i*e*,  the  quantum- 
confined  Stark  shift  (Miller  et  al. 

1984b). 

Figure  3  shows  the  measured  ER  spectra 
of  the  QW  sample  for  a  small  modulating 
field  of  6.25x1o3  V/cm  and  for  various 
bias  fields.  With  conventional  formula¬ 
tions  (Seraphin  et  al.  1972)  for  reflec¬ 
tance  modulations  due  to  refractive 
index-  and  absorption  coefficient-varia¬ 
tions,  it  was  confirmed  that  the 
observed  ER  spectra  are  almost  dominated 
by  refractive  index-variation  over  the 
wavelength  range  (830  t  870  nm).  Thus, 
the  ER  spectra  permit  us  a  rough  estima¬ 
tion  of  the  dispersion  of  refractive 
index-variations  An/n  by  the  following  Fig. 3  Electroreflectanoe  spectra 
relation  (Nagai  et  al.  1986a),  for  a  small  modulating  electric 

An/n  =  ((n‘-1)/4n]{  AR/R  )  =  0.75AR/R.  field  and  various  bias  fields  at 
The  refractive  index  variation  An/n  is  room  temperature, 
proportional  to  the  reflectance  variation  AR/R,  so  that  we  can  compare  the 
experimental  data  of  Fig.3  with  the  theoretical  results  of  Fig.2  by  suita¬ 
bly  scaling  the  vertical  axis  in  the  figure.  With  respect  to  both  the 
shapes  and  modulation  depths  of  the  dispersion  curves,  the  observed  ER 
data  are  satisfactorily  fitted  by  the  theoretical  curves  which  are  domi¬ 
nated  at  the  excitonic  gaps  by  the  exciton  contribution.  The  similar 
calculation  of  the  refractive  index  variation,  where  the  exciton  contribu¬ 
tion  was  ignored,  was  also  performed.  However,  in  this  case,  the  esti¬ 
mated  dispersion  curves  of  the  refractive  index  variation  did  not  resemble 
the  measured  ER  spectra,  and  the  modulation  depths  of  the  theory  was  much 
smaller  than  that  of  experimental  results.  Above  mentioned  results  mean 
that  the  excitonic  transitions  are  mainly  responsible  for  the  field- 
induced  modulations  of  refractive  index  in  the  GaAs/AlAs  MQW  structure  at 
room  temperature.  Some  discrepancy  between  the  theory  and  the  experiments 
in  the  value  of  An/n  may  be  caused  by  the  uncertainty  on  the  value  of  line 
width,  which  sensitively  affects  the  theoretical  result,  and  by  the  under¬ 
estimation  of  the  theoretical  squared  matrix  elements  (Kane  et  al.  1957, 
Casey  et  al,  1978). 


In  spite  of  significant  red  shifts  of  the  peaks,  the  funaamental  shapes  of 
the  spectra  were  not  seriously  changed  with  increasing  field.  This  indi¬ 
cates  that  excitons  in  the  MQW  structure  are  quite  stable  under  the  high 
field  (at  least  1 .2x1  O^V/cm) ,  perpendicular  to  the  well  plane,  even  at 
room  temperature. 


The  downward  peaks  in  the  ER  spectra  have  been  assigned  to  the  lelhh  and 
lellh  exciton  transitions.  Clear  shifts  of  the  downward  peaks  with 
increasing  bias  field  are  caused  by  the  mixture  of  the  field-induced 
carrier  separation  and  resultant  perturbation  with  the  reduction  of  the 
exciton  binding  energy  due  to  the  applied  field.  The  shifted  energies  of 
the  downward  peaks  as  functions  of  the  bias  fields  are  shown  in  Fig, 4. 
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The  theoretical  field-induced  shifts  of 
the  lowest  subband  (lelhh,  lellh)  free 
carrier-  and  excitonic-transition 
energies  are,  also,  shown  in  the  figure. 

The  free  carrier-transition  energies 
were  estimated  by  solving  one-dimensio¬ 
nal  Schrodinger  equation  while  the  exci- 
tonio  binding  energies  were  esti¬ 

mated  with  variational  technique  for  the 
trial  exciton  function  (Miller  et  al. 

1984b,  Miller  et  al.  1985).  The  observed 
peak  shifts  are  reasonably  explained  in 
terms  of  the  excitonic  transitions 
rather  than  free  carrier  transition. 

Figure  5  shows  the  similarly  measured  ER 
spectra  for  large  modulating  fields. 

Also,  in  this  case,  similar  dispersion 
curves  of  AR/R,  which  are  caused  by  the 
field  effect  on  exciton,  were  observed 
even  for  such  large  modulation  fields. 

The  maximum  variation  in  refractive 
index  was  deduced  to  be  4.4%  in  each  QW 
from  the  measured  value  of  An/n  (1.1%) 
at  downward  peak  with  photon  energy  of 
1.455eV  for  the  variation  in  electric 
field  (0  -►  1.2x10^  V/cm),  taking  the 
volume-ratio  of  the  well  to  barrier 
layers  into  account.  The  obtained  rate 
for  the  field-induced  variation  of 
refractive  index  in  each  QW  is  thirteen 
times  larger  than  a  theoretical  value 
in  an  InGaAsP/InP  QW  structure  (Yamamoto 
et  al.  1985),  which  was  estimated  on  the 
basis  of  free  carrier  transitions 
without  exciton  contribution.  This 
means  that  exciton  transitions  play  an 
important  role  for  field-induced  refrac¬ 
tive  index-variations  at  photon  energies 
close  to  the  exciton  gaps  in  the 
GaAs/AlAs  HQW  structure.  The  obtained 
large  variation  in  refractive  index  may 
indicate  a  possibility  of  an  field- 
controlled  optical  switch  much  more 
efficient  than  the  previous  prediction 
(Yamamoto  et  al.  1985). 

3.  Field-induced  Modulations  of 
Refractive  Index  and  Absorption 
Coefficient  in  a  GaAs/AlGaAs  QW  Structure  for  large  modulating  fields  at 

room  temperature. 

Recently,  several  external  optical  modulators  (Miller  et  al.  1982b,Tarucha 
et  al  1985)  using  the  field  effect  on  absorption  coefficient  in  QW  struc¬ 
tures  were  proposed  and  the  high  speed  operation  of  the  devices  were 
demonstrated.  From  the  practical  viewpoints,  one  of  the  serious  problems 
of  the  modulation  scheme  may  be  the  frequency  chirping  (Koyama  et  al. 


ELECTRIC  FIELD (x)0*V/cm) 

Fig. 4  Downward  peak  shifts  as  a 
function  of  the  bias  field.  The 
change  of  the  estimated  transi¬ 
tion  energies  are,  also,  shown 
in  solid  and  dashed  line. 
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1.49  147  145  1.43 
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Pig. 5  Electroreflectance  spectra 
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1985)  which  caused  by  undesirable 
phase  modulation  due  to  an  simul¬ 
taneous  refractive  index  change. 
Therefore,  it  is  desirable  to  know 
not  only  the  field-induced  change 
in  absorption  coefficient  but  also 
the  accompanied  refractive  index 
change.  We  investigated  a  relation 
between  dispersion  curves  of  the 
field-induced  variations  in  refrac¬ 
tive  index  and  absorption  coeffi¬ 
cient  in  a  GaAs/AlGaAs  QW  structure 
with  ER  and  EA  measurements  at  room 
temperature,  respectively  (Nagai  et 
al.1956c). 

The  ER  and  EA  measurements  were 


Fig. 6  Sample  configuration  used  in 
the  ER  and  EA  measurements. 


performed  with  an  experimental 


arrangements  and  ^  Schottky  barrier  samjiles  with  a  10  period  MQW  structure 
consisting  of  100A  GaAs  wells  and  150A  AIq^^Gsq^^As  barriers  as  shown  in 
Fig.6.  A  part  of  the  opaque  GaAs  substrate  was  selectively  etched  away  by 
chemical  etching.  The  exposed  surface  of  the  n-AlGaAs  layer  was  intentio¬ 


nally  roughened  by  another  chemical  etching  to  prevent  Fabry-Perot  inter¬ 
ference  with  the  obtained  result.  Finally,  the  roughened  surface  was 


covered  with  the  deposited  thin  Au  film. 


The  EA  measurements  were  performed  by  measuring  the  intensity  of  trans¬ 
mitted  monochromatic  light  beam.  On  the  other  hand,  the  ER  measurements 
for  the  same  sample  were  performed  at  a  spot  outside  the  central  hole  of 
the  substrate,  as  shown  in  Fig.6,  to  avoid  the  influence  of  reflected 
light  from  the  back  surface  of  the  sample.  The  dispersion  of  the  refrac¬ 
tive  index  variation  An/n  is  approximately  given  from  the  measured  ER 
dispersion  AR/R  as  mentioned  in  the  former  section,  i.e.,  An/n  =  0.75AR/R. 


The  dispersions  of  field-induced  variations  in  refractive  index  and 
absorption  coefficient  of  the  QW  structure,  which  are  obtained  with  ER  and 
EA  measurements,  are  shown  in  Fig.7.  As  is  expected  from  real  and 


imaginary  parts  of  the  susceptibi 
system  such  as  an  exciton,  the 
refractive  index  variation  An/n 
takes  the  downward  peaks  around  the 
null-wavelengths  of  the  absorption 
variation  Aa.  Also,  the  absorption 
variation  Aa  takes  the  upward  peaks 
around  the  null-wavelengths  of  the 
refractive  index  variation  An/n, 

The  frequency  chirping  due  to  phase 
modulation  is  quantitatively  ex¬ 
pressed  in  terms  of  the  a-parameter 
(Koyama  et  al, 1985)  defined  as  a 
ratio  of  the  real  to  imaginary 
refractive  index  variations.  The 
dashed  line  in  Fig.8  shows  the  a- 
parameter  estimated  from  the  data 
on  Aa  and  An  of  Fig.7.  The  a-para- 


lity  near  a  resonance  of  a  two-level 

PHOTON  ENERGY  leV) 


Fig.7  Dispersions  of  field-induced 
variation  in  refractive  index  and 
absorption  coefficient  of  the  QW 
structure,  obtained  with  ER  and  EA 
measurements. 
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meter  was  obtained  to  be  less  than 
1.5  around  upward  peaks  of  the 
absorption  variation  Aa,  allowing  a 
1  nm-deviation  of  the  wavelength 
from  the  null-points  of  the  refrac¬ 
tive  index  variation  An/n.  The 
above  result  predicts  that  one  can 
make  use  of  the  large  modulation  in 
absorption  coefficient  without  sig¬ 
nificant  refractive  index  change 
due  to  the  field  effect  of  QW 
structures,  as  an  effective  modula¬ 
tion  scheme.  In  other  words,  one 
might  realize  an  effective  electro- 
absorption  modulator  free  from  a 
frequency  chirping. 
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Very  short  channel  GaAs  MESFETs  obtained  using  an  overlapped  gate 
configuration 


A.  Colquhoun  and  G.  Ebert 

TELEFUNKEN  electronic  GmbH,  Heilbronn,  West  Germany 

Abs r ract-  .  MESFETs  with  a  novel  electrode  configuration  have  been 
fabricated  and  characterised.  By  fabricating  the  source  and  drain 
contacts  as  buried  layer  contacts,  the  gate  could  be  overlapped  onto 
the  source  zone.  The  configuration  allows  the  effective  channel  length 
of  the  device  to  be  varied  independent  of  the  gate-metal  contact 
length.  The  characteristics  of  the  FETs  were  examined  for  various 
channel  lengths.  Channel  lengths  smaller  than  0.2  were  obtained. 

1 .  Introduction 

The  usual  design  of  planar  GaAs  MESFET  devices  for  analog  applications, 
typically  the  "recessed”  gate  MESFET,  has  disadvantages  caused  by  the 
exposure  of  active  areas  of  the  device  to  the  semiconductor  surface. 
Surface  effects  lead  to  reduced  breakdown  voltages,  surface  trapping  etc. 
In  addition,  better  performance  can  only  be  obtained  by  using  very  narrow 
gate-metal  stripes  leading  to  a)  difficult  lithography,  b)  mechanically 
instable  structures  and  c)  high  metalisation  resistances. 

The  advent  of  low  temperature  epitaxial  growth  using  MBE  or  MOCVD  makes  it 
possible  to  configure  a  MESFET  device  with  n"*"  buried  layer  contacts.  This 
paper  presents  a  novel  configuration  of  MESFET  device  with  buried  layer 
source  and  drain  contacts  and  the  gate  stripe  overlapped  onto  the  source 
buried  layer  zone.  We  have  called  the  device  an  QGFET  for  Overlapped  fiate 
FET. 

2 .  The  QGFET  Structure 


Fig.l  Schematic  cross-section 
of  an  OGFET  device  with  gate 
overlap  d 

1987  lOP  Publishing  Ltd 


The  basic  OGFET  structure  is  shown  in 
Fig.  1.  The  device  is  fabricated  by 
selectively  implanting  the  n'*’  source 
and  drain  zones  and  epitaxialy  growing 
the  active  layer  onto  the  previously 
annealed  substrate.  Ohmic  source  and 
drain  contacts  are  forrrfed  by  etching 
through  the  active  layer  and  contacting 
directly  onto  the  n'*’  layer.  The  gate 
stripe  is  offset  towards  the  source  so 
that  part  of  the  metalisation  overlaps 
onto  the  n"*"  source  zone  without  making 
contact  to  the  n'*'  layer  because  the 
active  layer  of  the  device  separates 
the  two  contacts.  The  effective  channel 
length  of  the  device  is  independent  of 
the  gate  metalisation  length  Lg  and  is 
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determined  by  the  amount  of  overlap  d.  The  basic  OGFET  does  not  require 
extremely  fine  lithography,  it  does  require  accurate  alignment  of  the  gate 
to  the  n"*"  buried  layer. 

Because  the  n"*"  source  contact  zone  extends  underneath  the  gate,  the  source 
resistance  Rs  of  the  device  can  be  reduced  to  an  absolute  minimum.  The 
gate  metalisation  resistance  Rg  can  be  substantially  lower  than  in  a 
conventional  MESFET  device  with  an  equivalent  channel  length.  Contact 
resistances  can  also  be  kept  small  due  to  the  highly  doped  n'*’  regions. 
These  parastic  resistances  contribute  substantially  to  the  noise  generated 
in  MESFETs,  so  the  OGFET  structure  should  be  particularly  suitable  for  low 
noise  devices  (Pucel  19‘?5,  Fukui  1979)  .  The  gate-source  capacitance  of  the 
OGFET  is  not  larger  than  a  conventional  MESFET  with  an  equivalent  gate 
length  because  under  normal  operating  conditions  the  depletion  layer  of 
the  gate  does  not  extend  into  the  n"*"  buried  layer.  The  cut-off  frequency 
of  the  OGFET  fT  =  gm/2nCq3  is  equivalent  to  that  of  a  conventional  MESFET 
with  Che  same  Lg,  however,  f?  will  be  increased  if  gm  is  increased  by  the 
reduction  in  Rs  or  an  increase  in  the  saturation  velocity  of  the  electrons 
in  the  active  channel  due  to  velocity  overshoot  (Shur  1981).  Transit  time 
effects  at  very  high  frequencies  are  determined  by  the  effective  channel 
length  giving  the  OGFET  an  advantage  over  conventional  MESFETs 

3.  QGFETs  with  different  gate  displaf-..mBnf  a 

We  have  examined  the  OGFET  structure  by  fabricating  an  array  of  devices 
with  different  gate  displacements.  In  this  way  the  variation  of  the 
electrical  parameters  of  the  devices  with  channel  length  could  be 
experimentally  determined.  Fig. 2  shows  schematically  the  variation  of 
overlap  d  and  n''’-n'''  separation  along  the  array.  The  masks  for  the  devices 
were  fabricated  using  electron  beam  lithography  with  a  raster  of  0.25  pm 
so  that  it  was  possible  to  accurately  control  the  gate  displacements  of 
the  Individual  devices.  Standard  uv-lithography  was  used  for  the 
fabrication  of  the  devices. 
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Fig.  2  An  array  of  OGFETs  v/ith  different  gate  displacements. 

4.  Fabrication  Technology 

The  n'*'  zones  were  obtained  by  selectively  implanting  Si  into  undoped 
semi- insulat ing  (S.I)  substrates  using  silicon  oxynitride  as  an 
implantation  mask.  A  combination  of  singly  and  doubly  ionised  Si  ions  with 
different  energies  was  used  to  obtain  a  deep,  uniformly  doped  n^  layer. 


High-speed  devices 
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sheet  resistances  of  typically  60-80  il/Q 
were  obtained  after  annealing.  The  n"*"  zones 
were  aligned  to  alignment  marks  etched  into 
the  surface  of  the  substrate.  After  a 
suitable  surface  preparation,  the  n  doped 
active  layer  was  grown  using  MOCVD .  The 
etched  alignment  marks  were  reproduced  in 
the  epitaxial  layer  and  were  used  for  the 
further  alignment  of  the  device.  The 
epitaxial  layers  were  of  good  surface 
quality  with  reproducible  doping  profiles. 
Fig.  3  shows  carrier  concentration  profiles 
derived  from  C/V  measurements.  The  profiles 
show  the  epitaxial  layer  on  the  S.I. 
substrate  and  on  the  n"*"  buried  layer.  The 
average  mobility,  measured  on  test 
structures  on  the  processed  wafers  was 
Fig. 3  Carrier  concentration  approx.  4500  cm^V"^s“^  for  n  *  1.5  x  10*’ 
profiles  n/n'*'  and  n/S.I.  cm"^-  The  epitaxial  layers  were  designed  to 

be  0.15  pm  thick  giving  a  pinch-off  voltage 
of  2.5-3  V  and  a  sheet  resistance  of  approx  1  k£l/D.  Source,  drain  and  gate 
contacts  were  formed  using  a  self-aligned  technique  with  A1  as  gate  metal 
and  Au/Ge  for  the  ohmic  contacts  (Baudet  1976)  .  The  bonding  areas  were 
thickened  using  Ti/Pt/Au  metalisation  followed  by  Au  electrolytic 
plating.  The  active  areas  were  passivated  using  PECVD  Si-jN..  Each  device 
had  a  gate  width  of  200  pm,  Lg  *  approx.  l|ijn  and  the  separations  of  the 
S-G  and  D-G  metalisat  icns  were  approx  2  |im. 

5.  Gate  Position 

The  position  of  the  gate  electrode  relative  to  the  n"*"  buried  layer 
contacts  could  be  accurately  determined  by  measuring  Cgs,  Cgd,  Rgs  and 
Rgd.  The  unintentional  alignment  error  was  determined  by  measuring  Rgs  and 
Rgd  on  structures  with  gates  which  were  not  intentionally  displaced 
relative  to  the  n'*'  contacts.  Fig.  4  shows  the  variation  of  Rgs  and  Rgd 
with  overlap  d  for  a  particular  wafer.  The  step  in  Rgd  is  due  to  a  change 
in  the  n'^-n*  separation  between  the  third  and  fourth  elements  in  the 
array.  On  the  wafer  shown  in  Fig.  4,  the  gate  mask  was  misaligned  0.4  |im 
towards  the  source.  The  minimum  resistance  of  5.5  £1  is  a  combination  of 

1.5  £1  contact  resistance  Rc,  1  £1 
source  resistance  Rs  and  3  £2  gate 
resistance  Rg .  Rc  corresponds  to  a 
specific  contact  resistance  of  6  x 
10'^  £2. cm''*  Rg,  for  Lg  =  0.8  pm,  a 
metal  thickness  of  0.7  pm  and  Z  = 
200  pm  is  the  dominating  component 
of  Rsg,  Rsg  attains  a  minimum  when 
more  than  0.5  pm  of  the  gate 
overlaps  onto  the  n"*"  zone.  In  this 
example,  n  was  .1.3  x  10*  ^cm"^. 
Measurement  of  Cgs  and  Cgd  can  also 
accurately  determine  the  position 
of  the  gate.  Fig. 5  shows  Cgs  vs.  Vgs 
and  Cgd  vs,  Vgd  for  different  gate 
displacements.  For  |V|<|Vp|,  Cgs  is 
independent  of  d.  For  |Vl>lVp| 
Fig. 4  Rgs,  Rgd  as  a  fuction  of  d  the  part  of  the  depletion  layer 
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Fig. 5  (a)  Cgs  vs  VgS/  (b)  Cgd  vs  Vgd  for  different  transistors  in  an  array 

above  the  semi-insulating  material  cannot  be  modulated  by  the  measurement 
signal  and  Cgs  is  reduced  to  the  capacitance  of  the  depletion  layer  over 
the  n'*’  zone.  Due  to  the  very  high  doping  in  the  n"*"  layer,  the  depletion 
layer  width  and  hence  Cgs  remains  essentially  constant  for  further 
increase  of  the  applied  voltage.  If  any  part  of  the  depletion  layer  comes 
into  contact  with  the  n'*’  zone,  the  breakdown  voltage  is  reduced  lin  the 
example  in  Fig.  5  Vbr  is  approx  7  V) .  If  the  gate  is  completely  over  the 
S.I.  zone,  then  Cgs  falls  to  a  minimum  consisting  of  the  stray  capacitance 
and  the  junction  capacitance  of  the  edge  of  the  depletion  layer  exposed  to 
the  source.  The  breakdown  voltage  is  then  considerably  higher  (in  the 
example  in  Fig.  5  Vbr  >  IS  V) 

At  voltages  smaller  than  pinch-off,  Cgd  is  also  independent  of  d.  At 
voltages  higher  than  pinch-off,  Cgd  is  reduced  to  the  stray  capacitance 
plus  the  capacitance  of  the  edge  of  the  depletion  layer  exposed  to  the 
drain.  In  Fig.  S(b),  the  gates  of  T4  and  TS  do  not  overlap  onto  the  S.I. 
zone,  a  current  path  between  source  and  drain  is  open  and  Cgd  becomes  the 
capacitance  of  Che  complete  depletion  layer  over  the  source.  Vbr  is  then 
correspondingly  reduced.  The  reverse  breakdown  voltage  between  gate  and 
source  or  drain  can  also  be  used  to  determine  the  position  of  the  gate. 

6  .  Low  Frequeiuiv  Measurements 

The  output  characteristic  of  a  typical  short  channel  device  and  the 
transfer  characteristics  of  an  array  of  devices  with  different  overlaps 
are  shown  in  Fig  6.  All  the  devices  show  stable  well  defined  output 
characteristics  with  little  looping  or  light  sensitivity.  Devices  with 
short  channels  exibit  an  increase  in  transconductance  gm  at  low  values  of 
Ids  and  a  reduction  of  gm  at  high  values  of  Ids.  The  open  gate  saturation 
current  Is  is  only  marginally  higher  than  Idss,  Both  Vp  and  Idss  increase 
as  the  channel  length  d  is  reduced. 

The  behaviour  of  the  devices  can  be  explained  as  follows:  The  buried  layer 
has  reduced  Rs  so  that  for  Vg  =  0  the  potential  under* the  drain  end  of  the 
gate  is  only  marginaly  higher  than  the  source  potential  and  Idss  *=  Is, 
assuming  that  the  free  surface  potential  is  approximately  the  same  as  the 
built-in  voltage  of  the  Schottky  barrier  (Baek  1985)  .  Due  to  velocity 
overshoot  (Shur  1981),  reduction  of  the  channel  length  increases  the 
saturation  drift  velocity  of  the  electrons  in  the  channel  and  hence  the 
current  through  the  channel.  At  high  values  of  Ids,  the  current  is  then 
limited  by  saturation  in  the  parasitic  gate-drain  channel  and  gm  is  lower 


Fig. 6  (a)  output  and  (b)  transfer  characteristics  of  typical  devices 

(Chen  1983)  .  An  increase  in  Vp  has  been  observed  in  many  short  channel 
MESFET  devices  (Chao  1982)  and  is  thought  to  be  a  result  of  the  vertical 
component  of  the  S-D  field  in  the  pinch-off  region.  Idss  increases  due  to 

the  reduction  in  Rs,  the  increase 
in  vs  and  additional  substrate 
current . 

The  effect  of  saturation  can  be 
clearly  seen  in  Fig.  6(b)  and 
in  Fig  7  where  gm  has  been  meas¬ 
ured  as  a  function  of  normalised 
drain  current  Ids/ldss  for  various 
transistors  in  an  array. 
The  increase  in  gm  at  low  values 
of  Ids/ldss  is  more  than  can  be 
expected  from  the  reduction  of  Rs . 
Fig.  7  demonstrates  clearly  that 
saturation  effects  are  reducing  gm 
in  FETs  with  very  short  channels. 
Fig. 7  Transconductance  vs.  Ids/ldss  Because  of  the  displaced  gate  the 

open  gate  source-drain  I/V  char¬ 
acteristic  is  not  symmetrical,  the  current  is  higher  when  the  drain  is 
positively  biased. 


S  parameter  measurement  of  the 
devices  was  carried  out  by  bonding 
the  FETs  into  ceramic  packages, 
measuring,  and  subsequently  de¬ 
embedding  to  obtain  the  HF  prop¬ 
erties  of  the  devices.  The  best 
devices  achieved  cut-off  freque¬ 
ncies  of  fmax  «  25  GHz.  For  short 
channel  devices,  the  variation  in 
low  frequency  t ransconductance  is 
reflected  in  the  high  frequency 
performance  of  the  devices.  In 
tog  (Frequency  (GHz})  Fig.  8  the  maximum  available  gain 

MAG  of  a  short  channel  device  is 
Fig.  8  MAG  as  a  function  of  frequency  plotted  as  a  function  of  frequency 
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for  various  values  of  Ids.  The  maximum  MAG,  at  Ids  ®  50t  Idss  is 
consistent  with  the  low  frequency  measurements.  The  higher  MAG  values  at 
approx.  7  GHz  are  due  to  a  resonance  in  the  package  used  for  the 
measurement.  The  extrapolated  fmax  of  25  GHz  at  50%  Idss  is  higher  than 
that  (21  GHz)  at  lOO'-  Idss  of  a  device  with  a  0.75  ^m  longer  channel. 

The  minimum  noise  figure  of  the 
packaged  devices  was  measured  at 
6  GHz  and  11.3  GHz  and  the  values 
are  plotted  in  Fig. 9  as  a  function 
of  the  channel  length  d  for 
transistor  arrays  from  two 
different  wafers.  On  wafer  1,  Lg  * 
1.5  |im,  on  wafer  2,  Lg  *  0.8  Jim. 
The  best  value  obtained  was  2.25 
dB  at  11.3  GHz  for  a  channel 
length  of  approx.  0.25  )jm.  Devices 
with  d  <  0  exhibited  higher 
minimum  noise  figures.  The  11.3 
GHz  measurements  show  a  minimum 
noise  figure  at  very  short  channel 
lengths,  as  would  be  expected. 

9  .  liiscussicn  and  Summary 


Fig.  9  Mir.irr.um  noise  figure  vs.  d 


The  results  have  dem.onst rated  that  buried  layer  MESFETs  with  very  short 
channel  lengths  can  be  fabricated.  However,  the  gain  of  the  devices  was 
reduced  due  to  current  saturation  in  the  gate-drain  channel.  Two 
possibilities  to  increase  the  current  saturation  In  thi.s  channel  are;  1) 
the  use  of  a  recess  in  the  epitaxial  layer  or  2)  the  reduction  of  the 
separation  to  sub-micron  dirr.t^ns  ions  so  that  the  ele'tr'^n  drift 
velocity  in  that  part  of  the  channel  is  increased  due  to  velocity 
overshoot  effects.  The  use  of  a  recess  complicates  the  fabrication, 
however,  an  n'*'  layer  on  the  surface  would  not  be  essential.  The  noise 
figure  measurements  at  11.3  GHz  are  comparable  to  values  obtained  on  1 
recessed  gate  FETs.  Optim.isation  of  the  devices  by  reducing  the  gate 
finger  length,  the  ccncact  resistance  and  the  buried  layer  resistance 
should  lead  to  even  lower  ncise  figures 
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Analysis  of  narrow  channel  effect  in  small-size  GaAs  MESFET 
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Matsushita  Electric  Co.,  Ltd., 

3-15,  Yaguno-Nakaraachi ,  Moriguchi,  Osaka,  570,  Japan 

Abstract .  Narrow  channel  effect  in  small-size  GaAs  MESFETs 
was  studied  by  three-dimensional  analysis  and  experiments.  The 
threshold  voltage  of  FETs  with  1.0  urn  gate  length  increases 
more  than  150  mV  with  decreasing  its  channel  width  from  5.0 
ur.  to  1.0  urn.  From  the  simulation  results,  it  was  clarified 
that  gate  extension  caused  the  narrow  channel  effect  by 
spreading  the  depletion  region  to  the  channel  area  when  supply 
voltage  was  applied  to  the  gate  electrode  and  that  providing 
gate  extension  on  the  passivation  film  was  effective  to  suppress 
the  narrow  charjiel  effect. 


1.  Intrcduction 

2 

In  recent  high-speed  and  low-power  GaAs  ICs,  utilization  of  1.0  urn 
fUasegawa  K  et  al.  1986)  or  2.0  uro  (Ishii  Y  et  al.  1984)  well  FETs  has 
been  reported.  These  FET  structures  are  essentially  three-dimensional,  as 
shown  in  Fig.  1.  In  order  to  design  GaAs  LSIs,  such  as  static  random 
access  memory,  using  these  small-size  FETs,  it  is  necessary  to  understand 
the  size  dependences  of  the  device  characteristics,  such  as  threshold 
voltage  dependences  on  the  channel  lengths  and  channel  widths.  While  short 
channel  effect  has  been  studied  mainly  for  the  self-alignment  FETs  by 
experiments  and  two-dimensional  analyses,  few  works  have  been  done  on  the 
narrow  channel  effect  in  GaAs  MESFETs  which  requires  three-dimensional 
analyses . 

In  this  paper,  we  have  studied  the  narrow  channel  effect  in  GaAs  MESFETs 
by  using  the  three-dimensional  device  simulator,  in  a  similar  way  reported 
for  Si  MOSFETs  (Shigyo  n  et  al .  1982)  and  compared  with  the  fabricated 
small-size  FETs.  Based  on  the  simulated  results,  it  was  clarified  that 
gate  extension  on  the  semi-insulating  substrate  caused  the  neurrow  channel 
effect  and  that  providing  the  gate  extension  on  the  passivation  film  was 
effective  in  suppressing  this  effect. 

2.  Outline  of  three-dimesional  device  simulator 


In  this  device  simulator,  the  conventional  finite-difference  method  is 
used  along  with  the  box  integration  method  to  solve  the  following 
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Poisson's  equation(l)  and  steady-state  current  continuity  equatior.(2) , 
taking  into  account  the  electron  velocity  overshoot. 

V  (No 


n) 


\7 -(iJ  n  vcf) ; 


o 


r\  -  Nc  exp  ^  ) 

^  k  T  ' 

where  Nd  is  impurity  concentration 
and  n  is  electron  density.  'K  and  4* 
are  electrostatic  potential  and 
quasi-fermi  level,  respectively,  q 
is  the  electron  charge  and  t j  is  the 
dielectric  constant  of  GaAs. 

For  an  effective  numerical 
calculation,  a  nonuiform  mesh 
scheme  is  adopted.  Impurity 
profiles  of  active  layer  and 
source-drain  regions  were  given 
by  superimposing  the  Gaussian 
profiles  in  vertical  direction 
and  error  function  profiles  in 
lateral  direction  on  the  semi- 
insulating  GaAs  substrate,  which 
was  assumed  to  be  n- type 
semiconductor  (10°  cm”°).  Three- 
dimensional  device  simulation 
was  performed  for  only  a  half 
of  the  channel  width  as  shown 
in  Fig.  1  to  reduce  the 
calculation  time. 


3.  Analysis  of  narrow  channel  effect  ^ 


(1) 

(2) 

(3) 


X 


Fig.  1  Schematic  explanation  for 
three-dimensional  structure. 


Figure  2  shows  the  dependence  of 
threshold  voltage  on  channel  width, 
in  which  the  broken  line  shows  the 
experimental  results  euid  the  solid 
line  shows  the  simulated  one  by 
three-dimensional  analysis. 

In  the  experiment,  these  FETs, 
having  gate  length  of  1.0  pm, 
were  fabricated  by  Si  ion- 
im^^antajions  (100  keV,  5  x 
10  cm  for  active  layer  and 
150  keV,  1  X  10^  cm”  for 
source-drain  regions).  Annealing 
was  performed  in  AsH  ambient  at 
800* C  for  20  min.  Channel  widths 
of  these  FETs  were  varied  from  1.0 
urn  to  10.0  urn.,  Threshold  voltage  was 
Vds  =  1.0  V  and  Ids  =  1.0  uA,  2.0  pA, 
pm,  2.0  pm,  5.0  pm,  10.0  pm.  With  the 
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Fig.  2  Dpendence  of  threshold 
voltage  on  channel  width. 

defined  as  the  gate  voltage  (Vgs)  at 
5.0  pA,  10.0  pA  for  each  Wch  =  1.0 
decrease  of  the  channel  widths  from 
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5.0  pm  to  1.0  pm,  threshold 
voltage  varied  from  -0.86  V 
to  -0.74  V  as  shown  in  Fig.  2. 
This  characteristic  was 
in  good  agreement  with  the 
simulated  result. 

The  cause  of  this  narrow 
channel  effect  seems  to  be 
originated  from  the  gate 
extension  (Wex)  on  the  semi- 
insulating  substrate.  Thus, 
we  have  investigated  the 
channel  width  dependence  of 
threshold  voltage,  veurying 
the  length  of  gate  extension 
which  were  provided  on  the 
semi-insulating  substrate 
(Fig.  3(a)).  Fig.  3(b)  shows 
the  potential  profiles  in  X-Z 
cross  sectional  plane  in  the 
active  layer  for  Wex  =  0.1  pm 
and  0.5  pm.  In  this  simulation, 
it  was  assumed  that  the 
boundary  condition  for 
electrostatic  potential 
satisfies  n  ;  o  at  the 

surface  without  electrode. 

It  was  found  in  Fig.  3(a) 
that  the  narrow  channel  effect 
was  suppressed  with  the 
decrease  of  gate  extension 
length,  showing  a  drop  of 
the  threshold  voltage. 

Fig.  3(b)  indicates  that 
the  potential  curvature  at 
the  Interface  between  active 
layer  and  serai-insulating 
substrate  is  strongly  deformed 
by  gate  extension.  This  pins 
the  potential  to  the  barrier 
height  level  at  the  surface  of 
the  substrate,  and  reduces  the 
effective  channel  area. 

Note  that  for  the  0.1  pm  gate 
extension,  the  opposite  channel 
width  dependence  of  threshold 
voltage  to  the  other  three 
examples  is  seen.  In  these 
small-size  MESFETs,  threshold 
voltage  is  modified  not  only 
by  tho  narrow  channel  effect  but 


Channel  Width  Wch  ipml 

Fig.  3(a)  Dependence  of  narrow  channel 
effect  on  gate  extension. 


Wex  =  0.5  pm 

Fig.  3(b)  Potential  profiles  in  X-Z  cross 
sectional  plane  in  active  layer.  Vds  =1.1 
V,  Vgs  =  -  0.8  V. 
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also  short  channel  effect.  When  the  gate  extension  of  the  narrow  channel 
FETs  becomes  extremely  short  and  the  FET  is  nearly  off  condition,  the 
component  of  excess  current  that  flow  the  periphery  of  active  well  region 
is  considered  to  become  comparable  with  the  channel  current  because  too 
short  a  gate  extension  cannot  extend  enough  depletion  region  near  the 
surface  of  the  substrate.  In  such  a  case,  the  short  channel  effect  may 
become  predominant  due  to  such  "side  excess  current"  around  the  active 
well  region.  This  explains  the  fact  that  threshold  voltage  of  the  FET  with 
0.1  urn  gate  extension  is  smaller  at  1.0  um  than  at  10.0  pm,  as  shown  in 
Fig.  3(a). 

In  order  to  further  understand  thi,s  effect  quantitavely ,  one  dimensional 
profiles  of  active  layer(Al)  and  semi-insulating  substrate(A2)  under  the 
gate  electrode  are  schematically  shown  in  Fig.  4(a).  Since  both  potentials 
(A1  and  A2)  must  be  coincident  at  the  surface  and  in  the  deep  region  of 
substrate,  the  potential  difference  4V  causes  the  potential  curvature 
between  the  active  layer  and  substrate,  namely  the  region  between  boundary 
(Al')  and  boundary  (A2' ),  which  reduces  the  channel  area  cind  increases  the 
threshold  voltage. 


Fig.  4  Schematic  potential  profiles  at  active  layer  (Al,  Bl)  and 
substrate  (A2,  B2).  (a)  conventional  structure,  (b)  struct)ire 
providing  gate  extension  on  the  passivation  film. 

For  real  devices,  however,  it  is  impossible  to  eliminate  the  gate 
extension  because  of  necessity  of  mask  alignment  margin.  So  we  propose  a 
device  structure  in  which  gate  extention  is  provided  on  the  passivation 
film,  such  as  SiO^,  to  decrease  the  potential  difference  4 V  by  increasing 
potential  B2  at  interface  between  passivation  film  and  Ga.\s  substrate,  as 
shown  in  Fig.  4(b).  Potential  profile  Bl  is  the  same  as  Al.  On  the  other 
hand,  B2  is  the  MIS  structure's  potential  profile.  In  this  case,  the 
potential  B2  at  the  interface  is  determined  by  following  boundtu-y 
condition , 
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where  (j  is  the  charge  trap  density  at  the  interface.  £p  is  dielectric 
constant  of  passivation  film.  From  the  eq.(4),  it  is  necessary  to  select 
the  low  dielectric  constant  material  as  the  passivation  film  which  should 
be  formed  as  thick  as  possible,  in  order  to  decrease  the  potential 
difference  6 V . 


Figure  5(a)  and  5(b)  show 
the  channel  width  depedence 
of  threshold  voltage  of  FETs, 
of  which  gate  extensions  were 
provided  on  the  passivation 
film,  and  potential  profiles 
in  X-Z  cross  sectional  plane  in 
active  layer,  respectively, 
using  three-dimensional  device 
simulator.  In  this  simulation, 
it  was  assumed  that  dielectric 
constant  of  this  passivation 
film  was  3.5  and  thickness  was 
2000  A  and  charge  trap  density 
was  neglected  for  simplicity. 

As  has  been  expected,  the 
increase  of  threshold  voltage 
with  the  decrease  of  channel  | 

width  is  suppressed  by  ( 

providing  the  gate  extension  ( 
on  the  passivation  film  in 
Fig.  5(a)  and  the  potential 
profile  becomes  more  flattened 
in  Fig.  5(b)  than  that  of  the 
conventional  structure. 
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Channel  Wictth  Wch  1  pm ) 

Fig.  5(a)  Dependence  of  threshold  voltage 
on  channel  width,  providing  gate  extension 
on  the  passivation  film. 


4,  Conclusion 


452  Gallium  Arsenide  and  Related  Compounds  1986 


Acknowledgement 

The  authors  would  like  to  express  their  sincere  thanks  to  Dr.  H.  Mizuno 
and  T,  Kajiwara  for  their  encouragement.  They  also  wish  to  thank  K.  Inoue 
for  his  helpful  discussions,  K.  Nishii  for  fabrication  of  samples  and  J. 
Sato  for  her  assist  in  developing  the  device  simulator. 


Reference 

Hasegawa  K,  Uenoyama  T,  Nishii  K  and  Onuma  T,  1986  Electron.  Lett.  Vol  22 
pp.  251-252 

Ishii  Y,  Ino  M,  Idda  M,  Hirayama  M  and  Ohmori  M,  1984,  GaAs  IC  symposium, 
pp. 121-124 

Shigyo  N  and  Dang  R.  L.,  1982  Electron.  Lett,  vol  pp.  247-275 


Insi.  Phys.  Conf.  Ser.  No.  83:  Chapters 

Paper  presented  at  Int.  Symp.  GaAs  and  Related  Compounds.  Las  Vegas,  Nevada,  1986 


453 


Characterization  and  physics  of  iow*field  electron  transport  in  GaAs 
MESFETs 


Krishna  Shenai,  and  Robert  W.  Dutton 

Integrated  Circuits  Laboratory 
Stanford  University,  Stanford,  CA  94305  (USA) 


Present  Address 

General  Electric  Corporate  Research  and  Development 
1  River  Road,  Schenectady,  NY  12301  (USA) 


Abstract 


The  electron  transport  mechanism  in  the  vicinity  of  channel-substrate 
^uutfer)  interfaces  is  studied  in  detail,  both  theoretically  and  experimentally. 

is  shown  that  considerable  degradation  in  the  low-field  electron  drift 
mobility  occurs  in  the  near  pincholT  regime  of  GaAs  MESFETs  as  a  result  of 
electron  scattering  from  the  steep  channel  walls  and  localized  states  at  the 
channel-  buffer  interface. 

1.  Introduction 

The  low-field  electron  mobility  (p.„)  in  the  vicinity  of  channel-  substrate  (buffer) 
interfaces  has  been  used  to  understand  the  quality  of  substrate  and  buffer  layers 
(Das  et  al.  1982,  Lee  et  al.  1984,  Lehovec  1974,  and  Sites  et  al.  1980).  A  reduction 
in  mobility  in  the  near  pinchoff  regime  of  GaAs  MESFETs  was  attributed  to 
scattering  of  charged  carriers  from  the  localized  states  at  the  channel-substrate 
interface  (Lehovec  1974),  enhanced  compensation  of  donor  atoms  resulting  from 
the  outdiffusion  of  Cr  acceptors  into  the  channel  layer  (Walukiewicz  et  al.  1979), 
and  recently  to  increased  ionized  impurity  scattering  in  the  channel  as  a  result  of 
reduced  electron  concentration  (Ford  et  al.  1982). 

These  studies,  however,  are  not  conclusive  because  the  techniques  used  for 
mobility  profiling  have  relied  on  depletion  approximations  to  calculate  the  channel 
mobile  charge  and  have  neglected  the  space  charge  effects  at  the  channel-substrate 
(buffer)  interface  (  Houng  et  al.  1978).  It  has  been  shown  that  local  band  calcula¬ 
tions  do  not  conserve  the  overall  charge  in  the  device  (Shenai  et  al.  1985  (a),  and 
1985  (b)).  The  problem  is  compounded  because  of  the  difficuities  involved  in 
profiling  the  impurity  distribution  in  the  vicinity  of  channel-substrate  (buffer) 
interfaces,  especially  in  channel  layers  formed  by  ion-implantation.  In  many 
instances,  techniques  used  for  mobility  profiling  do  not  necessarily  profile  the  drift 
mobility  (Sites  et  al.  1980).  Theoretical  calculations,  on  the  other  hand,  pertain  to 
©  1987  lOP  Publishing  Ltd 
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electron  transport  in  a  seinicouduclor  sample  and,  therefore,  do  not  directly  apply 
to  a  working  device  {VValukiewicz  et  al.  1979).  In  a  practical  device  such  as  the 
GaAs  MESFET  studied  in  this  investigation,  a  number  of  local  scattering  mechan¬ 
isms  are  found  to  play  a  significant  role  in  determining  the  low-field  carrier  tran¬ 
sport  phenomena  in  the  channel. 

In  this  paper,  a  novel  method  of  extracting  an  average  value  of  low-field  elec¬ 
tron  drift  mobility  (p.„)  is  presented  based  on  an  exact  solution  of  the  Poisson’s 
equation.  Comparison  with  previous  electrical  techniques  is  made  using  the  experi¬ 
mental  results  obtained  from  long  channel  GaAs  MESFETs  in  which  atomically 
clean  and  nearly  abrupt  channel-buffer  interfaces  were  fabricated  by  depositing  the 
active  channel  layer  in  situ  in  an  ultra-high  vacuum  environment  of  the  MBE  sys¬ 
tem.  It  is  shown  that  previous  techniques  are  unsuitable  for  mobility  profiling  in 
the  near  pinchoff  regime  as  they  rely  on  the  depletion  approximations;  in  a  neutral 
channel,  these  techniques  overestimate  the  channel  mobile  charge  as  there  is  no 
provision  to  account  for  the  finite  space  charge  at  the  channel-substrate  (buffer) 
interface.  Experimental  results  also  show  nearly  35%  degradation  in  jl”  in  the  near 
pinchoff  regime.  This  degradation  in  mobility  is  in  good  agreement  with  the 
scattering  calculations  made  from  the  steady-state  Boltzmann  transport  equation. 
The  dominant  scatterers  are  determined  to  be  the  steep  channel  walls  and  localized 
states  at  the  channel-buffer  interface;  the  interface  states  may  correspond  to  any 
changes  in  the  growth  conditions  in  an  MBE  system.  It  is  also  shown  that  increased 
ionized  impurity  scattering  plays  a  minimal  role  in  the  mobility  degrai:.ation 
mechanism. 

2.  Sample  Preparation 

The  device  structure  shown 
in  Fig.  1  was  fabricated 
entirely  in  the  ultra-high 
vacuum  environment  of  the 
MBE  system.  An  undoped 
Ga.As  buffer  layer  (approxi¬ 
mately  0.5p.m  thick)  was 
grown  on  top  of  undoped 
GaAs  substrate  (approxi¬ 
mately  200p.m  thick)  under 
normal  growth  conditions 
(T,  =  585X,  As^-.Ga  = 

0.5:1,  Tj  =  0.9p.m/hr).  Fol¬ 
lowing  this,  about  2  x 
10‘^cm^^  Si-doped  n-lype 
GaAs  active  channel  layer 
was  deposited  in  situ  in  an  ultra-high  vacuum  environment  of  the  MBE  system; 
thereby  ensuring  that  the  channel-buffer  interface  is  atomically  abrupt  and  nearly 
free  of  contaminations.  This  aspect  of  the  growth  technique  is  critical  to  develop  a 
satisfactory  theory  for  carrier  transport  in  the  channel  or  to  understand  the 


Fig.  I  Device  structure  of  long  channel  MESFETs 
fabricated  by  MBE. 
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physical  niechaiiisiiis  responsible  for  the  low-field  channel  pinchoff  mechanism 
(Shenai  et  al.  1985  (a),  and  1985  (b)).  Note  that  the  undoped  GaAs  buffer  layer  in 
Fig.  1  is  slightly  p  -  type  because  of  the  incorporation  of  residual  acceptor  impuri¬ 
ties  in  the  MBE  system  during  the  crystal  growth  (lllegems  et  al.  1975).  The 
channel-buffer  interface  is  therefore  an  n  -  p  junction. 

The  spacing  between  the  electrodes  in  Fig.  1  is  2p,m  compared  to  a  gate  length 
of  72p.m.  Further,  no  surface  passivation  was  employed  and,  therefore,  the  free 
surface  between  the  electrodes  plays  a  minimal  role  in  the  channel  charge  control 
mechanism.  In  Fig.  1,  Rg  and  Rd  represent  the  parasitic  source  and  drain  resis¬ 
tances,  respectively,  and  is  the  total  channel  resistance.  In  this  study,  devices 
with  different  pinchoff  voltages  were  fabricated  by  etching  out  portions  of  GaAs 
active  layer  by  wet  chemical  etching  techniques;  the  qualitative  mobility  results  are 
similar  in  different  types  of  devices.  The  source  and  drain  ohmic  contacts  were 
formed  by  alloying  whereas  the  gate  Schottky  contact  was  deposited  by  electron 
beam  evaporation  of  Ti  and  Au. 


3.  Mobility  Characterization  Technique 

A  value  for  was  extracted  from  the  measured  /pj  vs.  Vj^g  characteristics  at  low 
values  of  drain-source  voltage  (i.e.,  Vpg  <100mV')  and  the  charge  control  model 
presented  below.  The  conducting  channel  in  Fig.  I  is  partitioned  into  a  number  of 
two-dimensional  charge  sheets.  .At  any  cross-section  along  the  channel,  the  drain 
current  density  is  obtained  from  (Shenai  1986) 

(1) 

where  n  is  the  local  electron  concentration  and  «1)„  is  the  local  quasi-Fermi  poten¬ 
tial  for  electrons.  The  value  of  (|>„  is  determined  to  account  for  a  finite  drift  field 
following  the  gradual  channel  approximation.  The  resulting  expression  for  the 
drain  current  is 


hs~ 


(2) 


where  Eg  and  Eg  are  the  channel-buffer  and  gate  Schottky  barrier  interface  elec¬ 
tric  fields,  respectively,  and  arc  determined  from  an  exact  solution  of  the  one- 
dimensional  Poisson's  equation 


~  =  [p(j:)-n{x)+,Vp‘(x)-AV(i)]  (3) 

where  the  electron  and  hole  distributions  are  determined  to  obey  thn  Fermi-Dirac 
statistics  (.loyce  et  al.  1977).  In  Eq.  (2),  the  potentials  at  the  internal  drain  and 
source  nodes  are 


''  t>  ’  -  *•  P5  hs  tip 


(4) 
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Vs’  =  IdsRs 


(5) 


A  value  for  is  extracted  from  the  measured  drain-source  current  and  Eq.  (2)  for 
a  given  gate  voltage. 


The  measured  mobility 
values  are  plotted  in  Fig.  2 
using  different  electrical 
techniques  at  room  tem¬ 
perature.  in  a  charge  neu¬ 
tral  channel,  previous 
methods  overestimate  the 
channel  mobile  charge 
because  no  provision  was 
made  to  include  the  finite 
space  charge  at  the 
channel-buffer  junction. 
Further  they  are  not  appli¬ 
cable  to  mobility  profiling 
in  the  near  pinchoff  regime 
because  depletion  layer 
approximations  were  used 
in  the  analysis. 


BOO  Charqt  Cortirr»>lion  MOd»l 
o  o  e  Pr»vious  Method*  Utin^ 
o  o  o  Previout  Methods  Utinq  I*V  Data 
A  ^  A  Previous  Methods  Using  C'O 

Aftalirsis 


GATE  VOLTAGE  I  volt  I 


Fig.  2  Low-field  electron  drift  mobility  obtained 
from  various  electrical  techniques. 


The  neutral  channel 
mobility  in  Fig.  2  is  in  good 
agreement  with  the  theo¬ 
retical  calculations  of  Rode 
(1970)  and  Wolfe,  et  al. 

(1970).  The  degradation  in 
p.„  in  the  near  pinchoff 
regime,  however,  cannot  be 
explained  from  the  conven¬ 
tional  theoretical  cal¬ 
culations.  From  the  energy 
band  diagram  shown  in 
Fig.  3  it  is  seen  that  the 
majority  of  conduction 

electrons  travel  in  a  narrow  Fig.  3  Triangular  potential  well  approximation  of 
region  closq  to  the  channel  GaAs  MESFET  channel. 

potential  maximum  and,  therefore,  are  prone  to  local  scattering  effects.  The  inter¬ 
face  states  in  Fig.  3  are  hypothesized  to  originate  from  any  changes  in  the  growth 
conditions  in  an  MBE  system.  ' 


As  the  electron  density  is  significantly  lowered  below  the  ionized  donor  density, 
ionized  impurity  scattering  also  increases.  To  understand  the  electron  transport 
mechanism,  a  solution  to  the  steady-  state  Boltzmann  transport  equation  is 
obtained  in  the  relaxation  time  approximation  (Schrieffer  1955,  Greene  et  al.,  1960, 
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and  Shenai  1986).  In  the  calculations,  the  actual  potential  distribution  in  the 
channel  is  approximated  by 
a  triangular  potential  well 
and  a  parabolic  band  struc¬ 
ture  is  assumed  for  the 
semiconductor.  The 

scattering  calculations 
show  that  for  the  range  of 
electron  densities  under 
consideration,  ioni2ed 

impurity  scattering  is  not 
the  limiting  factor  in  the 
mobility  degradation 

mechanism.  Instead,  the 
dominant  scatterers  include 
the  steep  channel  walls  and  Fig.  4  Theoretical  and  experimental  comparison  of 
localized  interface  states.  p.„. 

To  obtain  good  agreement  with  the  experimental  results,  about  3x  10’'cm  ^  states 
are  required  as  shown  in  Fig.  4. 


4.  Conclusiotis 

The  data  presented  here  show  that  considerable  degradation  in  p.„  occurs  in  the 
near  pinchoCf  regime  in  GaAs  MESFETs.  The  experimental  results  are  obtained 
from  devices  in  which  atomically  clean  channel-  buffer  interfaces  were  fabricated 
by  MBE.  These  results  are  in  excellent  agreement  with  the  transport  calculations 
made  from  a  solution  of  the  steady-state  Boltzinan  transport  equation.  It  is  shown 
that  ionized  impurity  scattering  plays  a  minimal  role  in  the  mobility  degradation 
mechanism  and  that  the  electrons  are  predominantly  scattered  from  the  steep 
channel  walls  and  localized  interface  states. 
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MESFET  performance 
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3-1,  Morinosato  Wakamiya,  Atsuqi-shi,  Kanagawa,  243-01,  Japan 
Abstract 


The  reduction  effects  of  channel-layer  ion-implantation  energy,  on 
GaAs  MESFET  performance  ate  investigated.  A  decrease  in  from  67  to  30 
keV  produces  an  increase  in  K-value  from  210  to  292  mA/V^mm  and  a 
decrease  in  over  an  entire  2-inch  In-doped  low-EPD  wafer  from  49 
to  30  mV,  sufficiently  suppressing  short-channel  effects  in  0.5pm-gate- 
length  FETs  to  permit  LSI  applications.  Rapid  thermal  annealing  (RTA) 
was  successfully  applied  to  another  2-inch  wafer  for  further  improvement 
of  the  carrier  concentration  profile.  Diode  C-V  data  are  correlated  with 
FET  characteristics  to  clarify  the  RTA  effects.  The  K-value  of  long-gate 
FETs  is  increased  by  RTA  as  well  as  the  E^  reduction.  The  of  the 
FETs  on  a  conventional  substrate  is  as  low  as  18  mV  for  RTA,  indicating 
RTA's  effectiveness  in  suppressing  dislocation  effects. 

1.  Introduction 


GaAs  MESFETs  fabricated  on  semi-insulating  (SI)  substrates  by  direct  ion- 
implantation  have  advantages  for  the  development  of  high-speed  ICs,  because 
they  include  a  potential  of  high  trans-conductance  (Ueno  et  al  1985)  and 
offer  generally  reproducible  and  controllable  processes.  It  is  essential 
for  high-speed  GaAs  ICs  to  improve  the  FET  performance.  Various  kinds  of 
self-aligned  FET  structures  and  process  technologies  have  been  proposed  to 
realize  the  improvements.  There  are  three  key  requirements  for  the 
improvements;  a  reduction  of  source  resistance,  a  reduction  of  gate  length 
without  short-channel  effects  and  channel  layer  thinning  combined  with 
increasing  carrier  concentration. 

High-performance  GaAs  MESFETs  have  been  realized  mainly  by  the  reduction 
of  source  resistance  and  suppression  of  short-channel  effects  due  to 
improvements  in  device  structure  and  process  technology.  However,  not  much 
attention  has  been  paid  to  the  characteristics  of  FFT  channel  layer.  In 
addition,  the  quantitative  correlation  between  FET  characteristics  and 
carrier  profiles  has  not  been  investigated. 

Rapid  thermal  annealing  (RTA)  for  activation  of  implanted  ions  is  useful  in 
obtaining  high  activation  efficiency  and  in  suppressing  diffusion  of  the 
implanted  ions.  The  effectiveness  of  RTA  has  been  demonstrated  in  n''’-layer 
formation.  For  example,  Kuzuhara  et  al  (1985)  obtained  an  n''’-layer  with  a 
peak  carrier  concentration  as  high  as  9xl0^®/cm^.  However,  few  applications 
of  RTA  have  been  made  to  channel-layer  formation  on  a  2-inch  wafer 
maintaining  uniformity  of  characteristics. 

'  1987  lOP  Publishing  Lid 


460 


Gallium  Arsenide  and  Related  Compounds  1986 


In  this  paper,  the  reduction  effects  of  channel-layer  ion-implantation 
energy,  E^,  on  the  characteristics  of  submicron-gate-length  FETs  are 
studied.  Successful  application  of  RTA  to  a  formation  of  a  thin,  high- 
carrier-concentration  layer  on  a  2-inch  wafer  is  described.  Numerical 
calculations  are  made  for  correlating  Diode  C-V  data  with  FET  I-V  data,  to 
clarify  the  channel-layer-thinning  effects  of  RTA. 

2.  Effects  of  Low-Energy  Implantation  on  BP-SAINT  FET  Performance 

Buried  P-layer  (BP-)  Self-Aligned  Implantation  for  N'*‘-layer  Technology 
(SAINT)  FETs  (Yamasaki  et  al  1984)  were  fabricated  on  SI  2-inch  diamter 
substrates.  A  cross  section  of  BP-SAINT  PET  is  shown  in  Fig.  1.  For  channel 
layers.  Si  ions  were  implanted  at  energy  levels  of  67  keV  and  30  keV  on 
separate  wafers.  Be  ions  of  6xl0^^/cm^  were  implanted  to  form  buried  p- 
layers  at  an  energy  level  either  90  keV  or  70  keV  according  to  channel- 
layer  implantation  energies.  For  n’*^-layers.  Si  ions  of  4xl0^^/cm^  were 
implanted  at  the  relatively  high  energy  of  200  keV  because  the 
implantations  were  through  a  1500  A  SiN  layer.  The  wafers  were  annealed  at 
800* C  for  20  minutes  to  activate  the  implanted  ions  using  the  SiN  layer  as 
a  cap.  A  gate  length,  L^,  of  0.5  pm  was  obtained  starting  from  a  1  pm  line 
width.  A  10  to  1  reduction  stepper  was  used  in  each  lithography  process. 
The  standard  deviation  of  the  gate  length  was  as  small  as  0.03  pm. 

I-V  characteristics  and  threshold  voltage,  Vth'  uniformity  were  compared 
between  the  30keV-  and  67keV-implanted  O.Spm-gate  length  BP-SAINT  FETs. 
The  characteristics  were  measured  in 
detail  to  obtain  I-V  fitting  parameters. 

It  is  well  known  that  short-channel 
effects  appear  in  the  dependence  on 

drain  voltage,  V^g,  and  subthreshold- 
region  drain  current  passing 

through  the  substrate  under  the  channel 
layer.  characterized  by 

subthreshold  factor  defined  as  I^g  oc 
exp(Vj,g/Nj.kT) ,  where  V^^g,  k,  and  T  are 
gate  voltage,  Boltzman  constant  and 
temperature,  respectively. 


Dependences  of  and  on  V^g  are 
shown  in  Fig.  2  for  typical  30keV-  and 
67keV-implanted  FETs.  The  N^-value  at  a 
Vpg  of  IV  decreased  from  1.5  to  1.4  due 
to  the  Ejj  reduction.  This  indicates  that 
thinning  the  channel  layer  suppresses 
substrate  leakage  current  as  a  result  of 
suppression  of  short-channel  effects. 
The  Ng-value  of  1.4,  the  smallest  ever 
reported  for  submicron-gate  length  FETs, 
is  sufficiently  small  even  for  LSI- 
appllcations  because  the  N^-value  was 
larger  than  1.5  for  Ipm-gate  length 
SAINT  FETs  without  a  burled  p-layer  used 
in  a  16  kbit  SRAM  (Hirayama  et  al  1986). 

Typical  I-V  characteristics  for  the 
30keV  implanted  BP-SAINT  FET  are  shown 
in  Fig.  3,  where  solid  lines  indicate 
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Fig.  1  Cross  section  of 
BP-SAINT  FET. 


Fig.  2  Dependences  of  V^j^ 
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the  measured  data,  and  broken  lines  indicate  calculated  values.  The 


dependence  of  saturation  drain  current 
calculated  by  the  equation. 


sat 


*^08 


'^GS  '^DS 


sat 


K  (1+X:Vds)' 


(Vqs  -  ''thO 


DS 


(1) 


I  f I  Kf  X  and  R-  are  fitting  parameters.  The  parameters'  values 


^DS 
where 

are  listed  in  Table  1  not  only  for  the  I-V  curves  shown  in  Fig.  3  but  also 
for  I-V  curves  of  a  typical  67keV-implanted  BP-SAINT  FET  and  a  typical  l^m- 
gate-length  SAINT  FET.  The  values  of  the  first  two  parameters  were  deter¬ 
mined  by  the  linear  relationship  between  and  Vj^g  shown  in  Fig.  2.  The 
others  were  determined  so  as  to  fit  the  measured  curves,  on  the  basis  of  K- 
value  dependence  on  and  measured  source  resistance.  The  measured  I-V 

curves  are  traced  correctly  by  equation  (1)  when  using  the  suitable  fitting 
parameters,  as  shown  in  Fig.  3,  and  so  in  the  other  two  cases.  As  a  result 
of  E-  reduction  from  67  keV  to  30  keV,  the  K-value  increased  from  210 
2^  2 

mA/V  mm  to  292  mA/V  mm,  and  a  trans-conductance,  gj^,  as  large  as  270  mS/mm 


was  obtained  for  the  FET  with  a  V^^  of 
about  O.lV.  The  increase  in  K-value  or 
g^^  is  attributed  to  both  the  channel 
layer  thinning  itself  and  short-channel 
effect  suppression. 


It  is  recognized  from  equation  (1)  that 
the  V-value  is  approximately  equal  to 
the  ratio  of  drain-conductance,  gj^,  to 
g.^.  Therefore  the  decrease  in  f-value 
from  0.066  to  0.045  indicates  a 
decrease  in  g^  due  to  the  reduction. 
Here  emphasis  should  be  put  on  the  fact 
that,  in  spite  of  the  short  gate  length 
the  t'-value  for  the  30keV-implanted  6p- 
SAINT  FET  is  smaller  than  that  for  the 
FET  used  in  the  16  kbit  SRAM. 


'DS 


(V) 


Fig.  3  Typical  I-V  character¬ 
istics  of  BP-SAINT  FET. 
{E^:30  keV,  Lg:0.5  pm,  Wq!20  pm) 


Table  1.  I-V  curve  fitting  parameters  for  three  kind  of  FETs. 


FET 

a  r 

1 

®n 

(keV) 

dose 

(xlO^Vcm^) 

K 

V 

(1/V) 

''thO 

(mV) 

«s 

(a) 

BP-SAINT 

0.5 

30 

4.0 

292 

0 

100 

0.045 

40 

BP-SAINT 

0.5 

67 

2.2 

210 

0 

268 

0.066 

40 

SAINT 

1 

67 

1.1 

185 

0.065 

155 

0.051 

38 

Distributions  of  V^^^  of  the  BP-SAINT  FETs  on  2-inch  wafers  are  shown  in 
Fig.  4.  There  are  16  blocks  on  one  wafer,  and  each  block  of  7.75mm  x  9.2mm 
contains  30  FETs  in  an  FET  characteristic  monitoring  region  of  about  2  mm^. 
In  the  case  of  30keV-implantation  combined  with  In-doped  low-dislocation 
density  (or  etch  pit  density,  EPD)  substrate  (Fig.  4  (a)),  30  mV  is  the 

standard  deviation,  cV^I^,  in  the  entire  wafer,  while  cVj.jj  is  49  mV  in 
the  67keV-implantation  case  (Fig.  4  (b)).  The  d-V^^  of  30  mV  in  the  former 
case  is  the  smallest  in  existence  for  submicron-gate-length  high- 
performance  FETs.  In  the  small  areas,  extremely  high  uniformity  was 
obtained  for  the  30keV-implantation.  The  dV^^j^s  in  the  16  small  areas  are  in 
the  range  of  from  4  to  19  mV,  and  their  mean  value  is  only  llmV. 


Threshold  voltage  scattering  of  IC-directed  FETs  is  introduced  mainly  by 
dislocations  in  the  substrate  and  Lq.  non-uniformity  (Matsuoka  et  al  1984). 
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(a)  E  =30  keV,  low-EPD  (b)  E^=67  keV,  low-EPD  (c)  Ej^=30  keV,  conventional 
"crv^j^=30  mV 

Fiq.  4  Distribution  of  for  0.5pm-gate  BP-SAINT  FETs  on  2-inch  wafers. 


4  2 

when  a  conventional  wafer  with  dislocations  on  the  order  of  10  /cm  was 
used  as  a  substrate,  scattering  was  not  decreased  by  the  Ej^  reduction, 
as  shown  in  Fig.  4  (c).  This  fact  suggests  that  dislocation  effects 
(Miyazawa  et  al  1983)  are  not  suppressed  by  channel-layer  thinning.  The 
decrease  in  resulting  from  the  E^^  reduction  for  the  low-EPD  wafer  is 
attributable  to  the  decrease  in  the  contribution  of  L^-scattering,  which  is 
related  to  the  suppression  of  short-channel  effects. 


3.  Improvements  in  active  layer  characteristics  by  rapid  thermal  annealing 

Low-energy  implantation  is  effective  for  obtaining  high  device  performance 
as  described  above.  However,  as  the  energy  decreases,  activation  efficiency 
is  reduced  and  thermal  diffusion  of  the  dopants  becomes  dominant  for 
carrier  profile  control.  Rapid  thermal  annealing  (RTA)  was  applied  to 
overcome  these  situations.  A  schematic  diagram  of  the  RTA  apparatus  used  in 
the  experiments  is  shown  in  Fig.  5. 


There  are  12  halogen  lamps  above 
the  sample  and  12  lamps  below  it  at 
right  angles  to  the  upper  group. 
The  lamps  on  each  side  are  divided 
into  three  zones,  and  the  power 
ratio  between  the  zones  can  be 
controlled  independently.  The 
sample  wafer  was  sandwiched  between 
Si  wafers  to  maintain  high 
uniformity  and  suppress  slip¬ 
line  formation,  and  was  then  put 
into  the  quartz  chamber. 
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Fig.  5  Schematic  diagram  of 
the  RTA  apparatus. 


Si  ions  were  implanted  into  conventional  2-inch  GaAs  wafers.  Patternings 
of  the  channel  layer  were  made  for  each  quarter  of  the  wafers.  Four  dose 
levels  were  assigned  to  the  quarters.  For  a  comparison,  activation  was  made 
either  by  RTA  or  by  furnace  annealing  (PA)  at  800° C  for  20  min.  In  the  case 
of  RTA,  the  sample,  which  was  implanted  at  £^^=30  keV,  was  pre-heated  to  600° 
C,  then  annealing  power  was  supplied  to  the  zones  in  a  suitable  ratio  for  8 
sec  to  obtain  a  maximum  temperature  of  970°C.  In  both  cases,  a  1500A  SiN 
layer  was  used  as  a  cap  during  annealing.  Diodes  for  C-V  measurement  and 
conventional  FETs  with  various  gate-lengths  were  fabricated  on  the  wafers. 


Carrier  concentration  profiles  for  three  cases  obtained  by  C-V  measurements 
are  shown  in  Fig.  6.  Although  the  Ej^-reduction  effects  can  be  observed  in 
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the  case  of  FA,  the  effects  are  not  as 
conspicuous  as  expected.  Owing  to  the 
change  from  FA  to  RTA,  the  active  layer  ™ 
became  shallower  and  the  carrier  i 
concentration  became  higher.  Activation 
efficiency,  ■»! ,  and  diffusion  length  Lj^ 
can  be  obtained  by  fitting  the  profile 
to  the  LSS  curve.  Using  the  projected 
range,  Rp,  and  the  projected  standard 
deviation,AR  ,  given  by  Gibbons,  ^  and 
Lp  are  estiifi^ated  to  be  53  %  and  0.025 
pm  for  the  30keV-implanted  RTA  sample, 
and  35  \  and  0.037  pm  for  the  30keV- 
implanted  FA  sample.  These  values 
verify  the  superiority  of  RTa  Fig.  8  Calculated  Ip_  from  C-V 
quantitatively.  data  versus  V^. 

The  relationship  between  K-value  and  of  the  conventional  FETs  is  shown 

in  Fig.  7.  The  measured  data  of  K-value  and  in  Fig.  7  are  average 

values  for  more  than  100  FETs.  The  K-value  is  normalized  to  the  case  of 
Lg=W^,  since  it  was  confirmed  that  the  K-value  is  inversely  proportional  to 
Lg  if  short-channel  effects  do  not  appear.  The  change  from  FA  to  RTA 

shifted  to  the  negative  direction  as  a  result  of  high  activation 

^  ^  12  2 
efficiency.  For  example,  of  the  FETs  with  a  dose  level  of  7.5x10  /cm 

was  -1.04  V  for  the  RTA  sample  but  only  -0.59  V  for  the  FA  sample.  RTA  also 

increased  the  K-value  as  a  result  of  diffusion  suppression.  The  increase  in 

the  K-value  produced  by  the  change  from  FA  to  RTA  was  nearly  equal  to  that 

by  the  E  reduction  from  67  keV  to  30  keV  in  the  FA  case. 

^  n 


C-V  data  were  analytically  compared  to  PET  characteristics.  Ipg  can  be 
calculated  using  charge  density  y  (x)  by  the  equation, 

Ipg  =  Wg  /t  Lg]  p  1Q(«)  -  Q(h)  1  h  yih)  dh  (2) 

where  Q(h)=  (y)dy,  y^  ,  yj  are  the  depletion-layer  widths  on  the  source 
and  drain  side,  respectively,  p  is  electron  mobility,  and  f  is  dielectric 
constant.  Integration  over  the  depletion-layer  width,  h,  can  be  replaced  by 
integration  over  the  voltage  variation  of  the  depletion  layer.  Assuming 


that  p  is  constant,  we  obtain  the  expression 

M  on 

^DS  ' 


% 


(y)  dy. 
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The  right  side  of  equation  (3)  can  be  numerically  integrated  using  the  C-V 
data.  Figure  8  shows  the  dependence  of  on  VQg  calculated  by  equation 
(3)  using  the  data  shown  in  Fig.  6.  In  the  calculation,  yi  is  assumed  to  be 
3800  cm^/Vsec.  It  is  possible  to  estimate  and  the  K-value  using  Fig.  8 
and  to  correlate  them  to  the  measured  FGT  data. 


K-values  and  V^j^s  estimated  by  this  method  for  the  diode  C-V  data  are  also 
plotted  in  Fig  7.  It  can  be  seen  that  the  estimated  values  are  very  close 
to  the  measured  values.  So,  important  information  can  be  drawn  from  C-V 
data  even  if  carrier  profile  around  peak  position  is  unknown.  A  slight 
difference  between  the  measured  and  calculated  X-values  noticed  in  Fig.  7 
can  be  reduced  if  the  dependence  of  the  mobility  on  the  carrier 
concentration  is  taken  into  account. 


RTA  has  another  beneficial  effect.  In  the  case  of  FA,  the  'XV^j^  of  the  FETs 
on  the  conventional  substrate  with  dislocations  was  larger  than  several 
tens  of  mV  even  for  6jim  gate  length  FETs.  On  the  other  hand,  a  small 
of  18mV  was  obtained  for  such  FETs  in  the  case  of  RTA.  It  is  concluded 
that  the  undesirable  dislocation  effects  generally  observed  in  FA  are 
suppressed  by  RTA.  One  of  the  possibilities  of  dislocation  effect 
suppression  by  RTA  is  that  the  inhomogeneity  of  V^^-concentration  around 
the  dislocations  might  be  decreased  at  high  annealing  temperatures. 

4.  Conclusion 

Low-energy  ion  implantations  were  successfully  applied  to  O.S^m-gate  length 
BP-SAINT  FETs.  A  decrease  in  E^^  from  67  keV  to  30  keV  produced  an  increase 
in  K-value  from  210  mA/V^mm  to  292  aA/V^mm,  and  a  decrease  in  over 

an  entire  2  inch  wafer  from  49  mV  to  30  mV,  sufficiently  suppressing  short- 
channel  effects  to  allow  LSI  applications.  Rapid  thermal  annealing  (RTA) 
was  successfully  applied  to  a  30keV-implanted  2-inch  wafer  to  raise 
activation  efficiency  and  to  produce  a  steeper  carrier  profile.  Diode  C-V 
data  were  quantitatively  correlated  with  FET  characteristics  to  clarify  the 
RTA  effects.  It  was  also  verified  that  RTA  is  effective  for  decreasing  V^.^- 
scattering  by  suppressing  the  dislocation  effects.  RTA,  combined  with  the 
low-energy  implantation  is  a  very  effective  way  to  improve  the  performance 
and  uniformity  of  FETs  for  LSI  applications. 
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A  GaAs  high-electron-confinement  transistor  (HECT) 


S.  P.  Kwok,  Milton  Feng  and  H.  B,  Kim 

Ford  Microelectronics,  Inc.,  Colorado  Springs,  Colorado,  80908,  USA 

Abstract.  A  self-aligned-gate  GaAs  High-Electron-Confinement-Transistor 
(HECT)  using  a  thin  insulator  between  Schottky  barrier  metal  and 
n-implanted  GaAs  has  been  fabricated.  The  HECT  exhibits  square-law  I-V 
characteristics.  A  super-high  K-factor  of  952  mS/(V*mm)  and  a 
transconducteuice  of  2200  mS/mm  were  measured  in  an  enhancement  HECT 
having  a  Vt  equal  to  +0.98  V  and  gate  length  of  1.2  microns.  The  device 
exhibits  stable  hysteresisless  I-V  characteristics,  which  are 
independent  of  the  sweep  rate. 

1.  Introduction 

In  this  paper,  we  will  report  a  self-aligned-gate  GaAs  MISFET  having  a 
thin  interfacial  insulator  between  the  Schottky  barrier  metal  and  the  n- 
implanted  GaAs.  The  thin  insulator  was  unintentionally  formed  but  its 
presence  was  later  verified  by  surface  analyses.  Its  presence  is  also 
believed  to  be  an  important  factor  for  the  reported  enhancement-mode  FET 
having  a  large  threshold  voltage  of  +0.98  V  and  a  super-high 
transconductance.  The  I-V  and  C-V  characteristics  are  given  and  compared 
with  those  of  self-aligned-gate  HESFET.  As  will  be  shown  later,  both 
characteristics  are  consistent  with  a  high-electron-confinement  at  the 
GaAs  interface  expected  of  a  MIS  structure  with  a  thin  insulator.  We  will 
refer  to  the  device  as  a  High-Electron-Confinement-Transistor  (HECT).  Our 
results  are  also  consistent  with  the  I-V  characteristics  of  silicon  and 
GaAs  Schottky  barrier  diodes  with  thin  interfacial  oxides  reported  earlier 
by  Card  and  Rhoderick  (1971),  Stirn  and  Yeh  (1975  and  1977)  and  Meirheaghe 
et  al  (1980). 

2.  Device  Fabrication  and  Structure 

Silicon  ion  (50  KeV  and  1.45E12/cm2)  was  used  for  selective  implantation 
on  GaAs  semi-insulating  substrate  to  define  the  normally-off  n-channel  of 
FET;  n+  in^lantation  was  done  so  that  the  drain  and  source  regions  are 
self-aligned  to  the  gate  metal.  High-temperature  annealing  in  arsine 
overpressure  was  used  to  activate  the  implanted  channel.  A  thin  insulator 
was  formed  under  the  gate.  The  presence  of  such  thin  insulator  was 
verified  using  SIMS  and  Auger  analyses  but  its  thickness  could  not  be 
measured  accurately,  as  yet.  An  n-type  Schottky  barrier  metil  was  used  as 
the  gate.  The  metal  gate  length  was  1.2  microns.  Olimic  contact  was 
form^  using  conmonly  used  AuGe  metallization.  The  spacing  between  the 
gate  metal  and  ohmic  contact  was  1.25  microns.  Ti/Pt/Au  was  used  as  an 
overlay  or  interconnect  metal.  Figure  1  shows  the  cross  section  of  the 
HECT. 
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3.1  HECT  I-V  Characteristics 


The  room- temperature  I-V  characteristics  of  an  enhancement -mode 
self-aligned-gate  HECT  with  a  1.2  x  20  micron-gate  are  shown  in  Figure  2. 
Tfie  gate  bias  voltage  is  stepped  from  +0.9  V  to  +1.9  V  at  an  increment  of 
0.1  V  per  step.  The  transcon^ctance  increases  monotonically  with 
positive  gate-  source  bias  voltage.  At  V_g  «  +1.9  V,  a  transconductance 
as  high  as  2200  mS/imm  and  drain  current  a^high  as  1  A/tim  at  V_g  -  2.5  V 
were  obtained.  The  corresponding  drain-source  output  conductance  was  80 
mS/mm.  Whence,  the  open-circuit  voltage  gain,  which  is  the  ratio  of 
transconductance  to  output  conductance,  was  27.5.  This  value  is 
comparable  to  that  of  a  high-performance  self-aligned  gate  MESFET.  The 
transconductance  value  of  2200  mS/nm  is,  to  our  knowledge,  the  highest 
reported  of  any  HESFETs  or  heterostructure  FETs  by  Ueno  et  al  (1985), 
Hiyamizu  et  al  (1982),  Solomon  et  al  (1984),  Sheng  et  al  (1985)  and 
Cirillo  et  al  (1986).  When  the  square  root  of  the  drain-source  current  at 
drain  voltage  equal  to  2  V  is  plotted  as  a  function  of  the  gate  voltage, 
as  shown  in  Figure  3,  the  HECT  exhibits  a  square-law  relation  with  a 
threshold  voltage  equal  to  +0.98  V.  From  the  gradient  value  of  the  plot, 
a  K-factor  of  952  mS/(V*mm)  is  obtained,  which  is  approximately  a  factor 
of  5  higher  than  the  best  value  of  enhancement  MESFET  reported  by  Kotera 
et  al  (1985).  An  average  threshold  voltage  for  a  HECT  of  +0.98  V  with  a 
standard  deviation  of  25  mV  over  a  3"  wafer  was  also  demonstrated  as  shown 
in  Figure  4. 
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Figure  3 


Figure  4 
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xhe  tr^tnsconduct^ulce  euid  the  ratio  of  drain  current  to  gate  current  (Beta) 
as  functions  of  gate-source  bias  voltage  above  are  given  in  Figure  5.  Hie 
transconductance  increases  linearly  at  gate  voltages  above  the  threshold 
of  ■•■0.98  V  and  to  ■••1.9  V.  To  avoid  the  device  burn  out  at  higher 
currents,  the  gate  voltage  is  limited  to  1.9  V.  These  characteristics 
differ  from  those  of  HESFET,  where  the  transconductance  value  starts  to 
decrease  at  gate  voltages  above  0.7  V,  which  is  due  to  the  Schottky  diode 
conducting  a  large  current;  hence,  the  voltage  drop  across  the  diode 
series  resistmce  dominating  the  gate-source  voltage.  Although  HECT 
exhibits  a  super-high  transconductance  at  large  positive  gate  voltages, 
the  gate  diode  turns  on  and  current  increases  significantly  at  voltages 
larger  than  1.2  V.  Consequently,  the  HECT  is  no  longer  operating  in  the 
normal  voltage  control  mode  of  FErr.  As  evident  from  Figure  5,  Beta 
decreases  from  a  value  of  90  at  V__  -  0.75  V  to  3  at  1.9  V.  However,  HECT 
can  still  be  operated  under  a  nonral  FET  mode  of  operation  with  very  high 
transconductance.  For  example,  at  V_g  -  1.25  V,  a  value  of  nearly 
600  mS/mm  can  be  realized  with  Beta  e^al  to  10. 


TRANeCOKMCTANCE  4  BETA  VS  V, 
(1.1  «ao  lacHaN-aATE)  ' 


GATE-SOURCE/DRAIN  DIODE 
CHARACTERISTIC 

(1.2x  20  MICRONS) 


(I  VI  10.01  AT  CENTER  OE  DISRLAV 

Figure  6 


3.2  Gate  to  Source/Drain  Diode  Characteristics 


The  gate-source/drain  diode  of  a  HECT  (1.2  x  20  microns)  exhibits  the 
well-known  diode  rectifying  I-V  characteristics  as  shown  in  the  coirve 
tracer  picture  of  Figure  6.  The  apparent  diode  knee  voltage  is  1.2  V, 
which  is  approximately  0.5  V  higher  than  the  metal/GaAs  Schottky  diode  of 
the  same  structure  without  the  thin  insulator.  The  detail  of  a  semi-log 
plot  of  I-V  characteristics,  as  shown  in  Figure  7,  reveals  the  HECT  dicxie 
ideality  factor  of  2.1,  the  ecguivalent  Schottky  saturation  injrrent  of 
lE-12  A  Euid  reverse  leakage  current  of  3.8E-8  A  at  a  bias  voltage  of  -4  V. 


The  gate-source/drain  capacitance  measurement  was  done  at  1  MHz.  Figure  8 
shows  the  C-V  characteristics  of  the  1.2  x  20-  micron  gate  structure  as  a 
function  of  gate  bias.  No  attempt  was  made  to  separate  the  real  part  from 
the  imaginary  part  of  admittance  in  the  capacitance  measurement.  To 
minimize  the  effect  of  leakage  current,  the  gate  bias  voltage  was  limited 
to  ■•■0.8  V.  As  evident  from  Figure  8,  the  gate  capacitance  is  relatively 
constant  at  23  to  25  fF  from  reverse  bias  of  -  0.5  V  to  forward  bias  of 
■•■  0.4  V,  indicating  that  the  channel  is  depleted  of  carriers.  At  higher 
forward  bias  voltages,  the  capacitance  rises  monotonically  and  reaches  a 
maximum  value  at  ■•■0.8  V.  At  this  point,  the  leakage  current  is  in  the 
order  of  lE-6  A  and  the  capacitance  value  is  no  longer  valid. 
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4.  Cowparlson  of  HECT  and  MESFET 

Ihe  self-aligned-gate  MESFET  was  fabricated  using  identical  processes  with 
the  exception  that  the  gate  is  a  metal/GaAs  Schottky  barrier  diode. 

Figure  9  shows  the  I-V  characteristics  of  a  high  performance  MESFET.  The 
MESFET's  threshold  voltage  is  -0.4  V.  The  transconductemce  at  Vq-  •>  0.7  V 
is  260  nS/tm  for  1,4  x  20  micron-gate.  For  convenience  of  comparison,  the 
same  I-V  characteristics  are  replotted  in  Figure  10,  using  the  scales 
Identical  to  those  of  Figure  2,  As  evident  in  Figure  10,  when  biased  above 
+0.8  V,  not  only  is  there  a  significant  gate  current,  but  the 
transconductance  value  also  decreases  and  approaches  zero  at  gate  voltage 
of  +1.2  V.  Consequently,  the  current  drive  capability  of  MESFET  is 
limited  to  4mh  compared  to  20  mh  of  HECT  (Figure  2).  Also,  the  HECT 
device  exhibits  linearly  increasing  tr^msconductance  up  to  +1.9  V,  which 
is  similar  to  silicon  HOSFET,  where  an  increasing  number  of  carriers  are 
confined  at  the  semiconductor  accumilation/inversion  interface.  The 
silicon  NOSFET  transconductance  increases  linearly  until  reduction  of 
carrier  mobility  or  insulator  breakdown  dominates. 
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The  gate-source  diode  characteristics  of  metal/GaAs  Schottky  barrier  are 
also  plotted  in  Figure  7  for  comparison.  The  ideality  factor  of  the 
Schottky  diode  was  1.18,  while  that  of  the  HECT  is  2.1.  The  significant 
increase  in  the  ideality  value  reflects  the  presence  of  the  insulator. 
The  data  are  consistent  with  those  reported  by  Card  and  Rhoderick  (1971) 
^uld  Melrhaeghe  et  al  (1980).  Unlike  the  Schottky  diode,  the  HECT  HIS 
diode,  with  a  thin  interfacial  insulator,  exhibits  an  excessive  leakage 
current  (lE-9  A)  at  low  forward  bias  voltages  of  less  tlian  0.4  v. 


The  1  MHz  C-V  characteristics  of  a  gate-source  Schottky  diode  are  also 
plotted  in  Figure  8  for  comparison.  The  capacitance  decreases  with 
reverse  bias  voltage  and  approaches  an  assymtotic  value  of  27  fF  at 
-0.35  V  emd  beyond.  The  value  increases  monotonically  with  more  positive 
bias  voltages  to  82  fF  at  +0.36  V,  above  which  the  diod?  conduction 
current  makes  the  capacitance  measurement  invalid.  The  HECT  diode 
exhibits  lower  capacitance  than  the  Schottky  diode.  Its  capacitance 
reaches  lower  assymtotic  value  at  approximately  +0.4  v  and  rises 
monotonically  with  more  positive  voltages  and  reaches  its  peak  value  at 
approximately  +0.8  V,  above  which  the  diode  current  conduction  Ibecomes 
dominant. 
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5.  Stability  of  HECT  Device  Characteristics 

HECT  exhibits  stable  I-V  characteritics  with  no  hysteresis.  Both  the  I-V 
and  transfer  characteristics  of  Figure  2  and  5  are  unchanged  when  the 
sweep  rate  of  the  curve  tracer  is  changed  from  0.1  Hz  to  300  Hz.  At  dc, 
the  HECT  also  exhibits  stable  characteristics,  as  evident  in  the  identical 
I-V  characteristics  of  a  HECT  swept  txxier  normal  curve  tracer  sweep  rate 
and  under  dc  'sweep',  as  shown  in  Figure  11.  Also,  under  the  microscope's 
light  there  is  no  observable  variation  in  its  I-V  characteristics,  except 
currents  at  subthreshold  levels.  The  C-V  characteristics  of  the  gate 
source  diode  measured  at  1  MHz  shown  in  Figure  S  are  also  stedile  and 
reproducible.  The  devices  were  tested  over  a  period  of  more  than  8  months 
and  showed  no  instability  of  drift  in  its  i-v  characteristics. 
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6.  Discussion 

Because  the  channel  was  implanted  with  a  dosage  of  1.45El2/cm2,  the 
maximum  possible  drain  drift  current,  assuming  100%  implantation 
activation  and  a  saturation  velocity  of  1E7  cm/s  at  20  KV/cm,  is  4.64  mA 
for  a  20-micron  wide  channel.  The  HECT  device  of  Figure  2  exhibits  20  mA 
drain  current  at  Vds  equal  to  2.5  V,  which  is  mote  than  a  factor  of  4 
larger.  In  the  absence  of  avalanche  multiplication  breakdown,  which 
appears  to  be  the  case  here,  there  are  two  possibilities  which  can  account 
for  such  a  high  drain  current:  (1)  The  presence  of  high-electron- 
confinement  in  the  accumulation  layer  at  the  GaAs/insulator  interface 
under  a  large  positive  gate  bias  voltage,  which  makes  the  channel  highly 
conductive.  (2)  The  unintentional  presence  of  highly  doped  p4  region 
between  the  Schottky  gate  metal  and  the  n-  implanted  region,  which  allows 
high  injection  of  minority  carrier  holes  into  the  n-  region.  If  hole 
injection  dominates  the  current  transport,  the  diode  must  exhibit  minority 
carrier  storage  and  recombination  characteristics  in  its  switching 
recovery.  We  have  confiared  the  turn-off  transient  currents  of  Schottky 
and  HECT  diodes  when  reverse  bias  step  voltage  is  applied.  As  shown  in 
Figure  12,  the  HECT  diode  not  only  shows  no  storage  and  recombination 
times  but  also  recovers  somewhat  faster  than  the  Schottky  diode.  This 
phenomenon  appears  to  dispute  the  presence  of  larger  minority  carrier 
injection  in  the  HECT  device.  Therefore,  it  appears  that  high-electron- 
confinement,  whose  surface  concentration  is  significantly  higher  than  the 
n-inplanted  dosage,  is  responsible  for  the  high  current  capability  of 
HECT.  The  1  HHz  C-V  characteristics,  showing  the  capacitance  rising  with 
positive  voltage  to  a  maximum  value  at  0.8  v  (Figure  8),  is  also 
consistent  with  the  presence  of  such  accumulation  layer.  Therefore, 
according  to  our  present  preliminary  data,  it  appears  that  the  Fermi  level 
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at  the  GaAs/insulator  interface  is  not  pinned  and  the  HECT  device  behaves 
partly  as  Schottky  barrier  and  MIS.  unlike  GeAs  mis  reported  thus  far, 
for  instance  by  Mimura  et  al  ( 1980 )  and  weider  ( 1984 ) ,  HECT  shows  dc 
st€8}le  and  frequency  non-dispersive  I-V  characteristics  at  low 
frequencies. 


I-V  CHARACTERISTICS  OF  HECT 
(1.20  X  20  micron) 

Vflt  max  -  1.4V 


DIODE  CURRENT  RECOVERY 


■ 

.»tr»  •  ' 
1  »*' 

Figurel  11 


Figure  12 


7.  Conclusion 

A  GaAs  High-Electron-Confinement-Transistor  (HECT)  using  a  thin  insulator 
between  Schottky  barrier  metal  and  GaAs  as  a  gate  was  fabricated  ^md  its 
device  characteristics  given.  An  enhancement  HECT  having  a 
room-temperature  transconductance  and  K-factor  as  high  as  2200  mS/mm  and 
952  mS/(V*mm)  was  demonstrated  with  a  1.2  micron-gate  length.  A  large 
average  threshold  voltage  of  +0.98  V  with  a  standard  deviation  of  25  mV 
for  a  3”  wafer  was  demonstrated.  The  device  shows  stable,  hysteresisless 
and  frequency  non-dispersive  I-V  characteristics,  suggesting  that  the  role 
of  insulator/GaAs  interface  states  in  HECT  is  minimized.  The  large 
threshold  voltage  and  high  transconductance  are  highly  desirable  for 
high-speed  LSI  applications  where  large  noise  margin  and  current  drive 
capabilities  are  needed. 
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Abstract.  Fabrication  of  ion-implanted  GaAs  MESFET's  with  gate  lengths 
down  to  0.1  pm  is  reported.  Key  technological  features  are  the  use  of 
electron-beam  lithography  and  of  shallow  (1000  A)  channel  implants. 
Transconductance  depends  only  weakly  on  gate  length,  and  reaches  a 
maximum  value  of  370  mS/mm  for  0.1  pm  gate  length.  Capacitance 
decreases  and  transit  frequency  increases  with  decreasing  gate  length.  The 
transit  frequency  has  a  highest  measured  value  of  80  GHz  for  a  0.33  ^m 
device  and  is  compatible  with  a  drift  velocity  of  1.5  x  10^  cm/s, 
independent  of  gate  length. 

1 .  Introduction 

Over  the  years,  many  GaAs  MESFET  processes  have  been  invented  and 
investigated.  Recently,  various  laboratories  have  developed  fully-implanted 
GaAs  MESFET  processes  because  they  look  promising  for  the  fabrication  of 
LSI  GaAs  Integrated  circuits  (Yamasaki  et  al  1982.  Yokoyama  ef  al  1983. 
Chang  ef  al  1985,  Ueno  ef  al  1985).  Most  processes  use  1/<m  gate  lengths, 
but  the  emphasis  on  submicron  gate-length  devices  has  increased  (Ueno  ef  a! 
1985,  Yamasaki  ef  a!  1985.  Kato  et  al  1983.  Patrick  ef  al  1985).  We,  too,  have 
explored  the  extensibility  of  a  fully  ion-implanted  process  to  submicron  gate 
length,  by  characterizing  the  device  performance,  by  addressing  scaling  and 
by  investigating  practical  limitations. 

In  this  paper,  we  present  details  of  fabrication  of  submicron  GaAs  MESFET's 
with  nominal  gate  length  ranging  from  1  pm  down  to  0.1  pm.  Key  features  are 
the  use  of  electron-beam  lithography  and  of  shallow  channel  implants  with 
high  doping  density.  To  improve  device  performance,  it  is  also  important  to 
reduce  parasitic  source  and  drain  resistances  for  good  access  to  the  intrinsic 
device.  Normally,  a  self-aligned  MESFET  structure  (Yamasak>  ef  al  1982,  Ueno 
et  al  1985)  provides  close  spacing  between  n^  implant  and  the  gate  Instead, 
we  chose  to  use  the  high  alignment  capability  of  the  electron-beam  system 
(2-0.1  pm)  to  achieve  dimensions  comparable  to  self-aligned  structures,  and  to 
gain  a  more  flexible  process 
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2.  Fabrication 

Figure  1  shows  the  vertical  structure 
of  MESFET's  and  an  SEM  photo¬ 
graph.  The  devices  were  made  with 
the  following  six-level  process:  first, 

500  A  tungsten  was  sputtered  onto 
the  substrate  and  lifted  off  to  form 
the  alignment  marks.  Then  the 
channel  areas  were  masked  and 
implanted  with  SiF(47)  in  the  energy 
range  of  40-60  keV.  A  deeper 
implant  <100  keV)  followed,  also  with 
SiF(47),  to  form  the  source  and  drain 
contact  areas.  Then  the  wafer  was 
annealed  at  850°C  for  20  min  in 
forming  gas  (N^/Hj).  During  an¬ 
nealing,  the  wafer  was  covered  with 
a  clean  GaAs  wafer  (proximity 
anneal).  The  Ge/Au/Ni/Au  (65  A/ 

110  A/200  A/90  A)  ohmic  contact 
was  lifted  off  and  alloyed  in  N^/H,  at 
430''C  for  40  sec.  Before  depositing 
the  Schottky  gate,  the  GaAs  surface 
was  cleaned  In  oxygen  plasma  and 
in  HCI.  Then  the  Ti/Pt/Au  (150  A/ 

100  A/950  A)  gate  metal  was  lifted 
off.  Finally,  a  Tl/R/Au  (150  A/ 

100  A/2650  A)  wiring  layer  was 

deposited. 

l  ithography  was  done  with  an  iBM  Vector  Scan  E-Beam  system  (Chang  et  al 
1986).  For  all  lift-off  steps,  a  doubfe-layer  resist  system  consisting  of 
Terpolymer  on  PMMA  was  used.  For  masking  the  channel  implant,  a  single 
layer  of  PMMA  was  chosen  whereas  the  contact  Implant  was  masked  with  a 
double-layer  resist.  We  were  successful  in  scaling  our  gate  length  down  to 
about  1000-1500  A  while  still  maintainino  very  smooth  gate  edges  with 
variations  of  about  100-200  A  for  a  1000  A  thick  gate.  Apart  from  the  gate 
lithography,  exposure  of  the  contact  implant,  where  a  0.7  pm  wide  resist 
stencil  remained  between  the  two  large  drain  and  source  openings,  created  a 
challenge  with  respect  to  proximity  correction.  It  should  be  noted  that 
alignment  between  contact  implant  and  gate  metal  was  done  by  layer-to-layer 
registration  of  each  chip.  In  this  way,  a  minimal  alignment  distance  of  0.1  pm 
was  obtained.  The  nominal  designed  gate-source  contact  implant  separations 
of  0.3  pm  and  0.6  pm  were  reduced  by  0.2-0.3  pm  owing  to  misalignment, 
lift-off  profile  overhang,  lateral  straggle,  and  implant  diffusion.  Our  method 
allows  for  different  alignment  distances  on  the  same  wafer,  as  well  as 
asymmetric  alignment  within  one  device. 


Ollfjm  03-06^lm 

gale  length  .  Alignment 
Scnoiiky  gale 

Wiring  meiai  »  Ohmic  coniaci 
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n*-contact 

imoiant 


n-channei 

implant 


Fig.  1  Vertical  structure  and  SEM 
photograph  of  the  0.1  pm  MESFET 
©  1986  IEEE 
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Regarding  implantation,  our  invest¬ 
igations  showed  that  for  vertical 
scaling  of  the  devices  simple 
reduction  of  the  implant  energy  is  \ 

not  sufficient,  ton  channeting  effects  “ 

broaden  the  doping  profile.  Partial  g 

ion-channeling  taits  are  found  for  s 

energies  below  60-100  keV,  and  | 

resulted  in  a  significantly  broader  ^ 

profile  than  predicted  by  LSS  theory  ^ 

This  is  iltustrated  in  Fig.2  by  the  | 

measured  doping  profiles  with  S 

implant  energies  of  60  and  40  keV. 

The  profiies  were  obtained  from 
FATFET  measurements.  We  also 
found  that  the  channeling  effects 
decreased  slightly  by  increasing  the  oeDtMNanometeo 

ion-beam  incidence  angle  during 

implantation  from  7"  to  15".  Since  the  Fig.  2  Doping  profile  of  different 
critical  angle  for  channeling  channel  implants  compared  to  LSS 

increases  sharply  at  lower  energies  theory  ''o  1986  IEEE 

and  for  heavier  ions,  we  implanted 

the  somewhat  heavier  ion  SiF(47).  From  our  electrical  results,  we  conclude 
that  vertical  scaling  of  the  channel  thickness  down  to  the  desired  range  of 
about  30  nm  and  doping  concentrations  of  10^®  cm'^  requires  special  implant 
and  anneal  techniques,  such  as  rapid  thermal  annealing  or  the  use  of  an 
amorphous  capping  layer  (Onodera  e<  at  1984,  Graf  ef  a/  1986)  during 
implantation,  preferably  together  with  a  buried  p-layer  (Yamasaki  at  al  1985). 

3.  ^e^Jts 


0  100  200  300  400 


Our  submicron  test  vehicle  contained 
process  test  sites  to  characterize  the 
channel  implant,  surface  leakage  and 
contact  resistance,  as  well  as  some 
transistor  arrays.  The  general 
trends  are  the  following:  as  the  gate 
length  is  reduced  by  a  factor  10  the 
maximum  transconductance  increases 
only  by  45%.  At  the  same  time,  the 
gate  capacitance  decreases,  the 
transit  frequency  and  the  output 
conductance  increase.  and  the 
threshold  voltage  becomes  more 
negative. 

Some  of  these  trends  are  quanii 
tatively  summarized  in  Fig  3  The 
maximum  transconductance  ranges 
from  255  mS/mm  for  the  1  //m 
device  to  370  mS/mm  for  the  0.1  /im 
device  at  Vgg  —  0.7  V,  The  weak 
increase  of  transconductance  with 


L(/(m) 


Fig  3  Transconductance  and 

output  conductance  g^  versus 
nominal  gate  length  for  devices  with 
0  3  /(m  nominal  gale  to  n  '  implant 
separation 
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Fig.  4  Threshold  voltage  versus 
nominal  gate  length  lor  devices  with 
0.3  and  0.6  fim  nominal  gate  to  n"^ 
implant  separation 


Fig  5  Intrinsic  gate  capacitance 
versus  measured  gate  length  for 
0.6  //m  nominal  gate  to  n  ^  Implant 
separation  and  V^s  =  2  V  and 
Vg5  =  0  V.  The  full  line  is  an 
extrapolation  of  FATFET  data  for 

Vds  =  V  =  0 


decreasing  gate  length  is  partially  expected  because  of  drift  velocity 
saturation.  Another  part  is  caused  by  the  parasitic  source  resistance  which, 
for  the  shorter  gate  devices,  increasingly  reduced  the  extrinsic 
transconductance.  For  the  0,1  pm  device,  the  intrinsic  transconductance  was 
estimated  o  be  about  450  mS/mm.  The  output  conductance  increases  from 
to  mS/mm  to  40  mS/mm  with  decreasing  gate  length,  mainly  a  consequence 
of  the  reduced  aspect  ratio  gate  length  over  channel  thickness.  Threshold 
voltage  dependence  on  gate  length  is  shown  in  Fig. 4  for  devices  with  nominal 
alignment  distance  of  0.3  pm  and  0.6  pm.  For  devices  with  0.3  pm  nominal 
alignment,  the  threshold  decreases  from  -0.45  V  for  the  1  //m  device  to  -0.8  V 
for  the  0.25  pm  device.  The  0.1  pm  device  could  not  be  turned  off  for 
Vjjs  >  0.6  V.  For  a  nominal  alignment  of  0.6  pm.  a  much  weaker  dependence 
on  gate  length  is  seen.  This  suggests  that  straggle  and  diffusion  of  the  o'* 
implant  underneath  the  gate  occurred  for  devices  with  tighter  alignment.  A 
similar  dependence  of  threshold  voltage  on  alignment  was  observed  in  Ueno 
et  al  (1985). 


Intrinsic  gate  capacitance  Cg|  of  devices  with  nominal  gate  source  alignment  of 
0.6  pm  is  presented  in  Fig. 5.  It  was  computed  from  s-parameter 
measurements  at  1.  2  and  4  GHz  for  a  gate  voltage  of  0  V  and  a  drain-source 
voltage  of  2  V.  The  gate  length  of  the  devices  was  measured  to  be  about  1.1, 
0.56,  and  0.33  //m.  To  obtain  Cgj,  the  parasitic  capacitance  of  the  pads,  and 
the  fringe  capacitances  on  the  left  and  right  gate  edges  were  determined  and 
subtracted  from  the  total  gate  input  capacitance  As  expected  from 
one-dimensional  theory,  the  capacitances  scale  fairly  well  with  gate  length. 
Extrapolation  from  FATFET  measurements  for  Vds  0  V  yields  the  full  line 
shown.  The  capacitance  of  the  MESFET's  is  smaller,  mainly  because  the 
depletion  layer  at  the  drain  is  thicker  with  a  drain  voltage  applied.  In  addition, 
the  source  resistance,  by  its  feedback  effect,  also  decreases  the  measured 
gate  capacitance. 
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The  intrinsic  transit  frequency  f|j 
calculated  according  to  the  equation: 
f(j  =  g^l2itCgj  is  shown  in  Fig.6  for 
several  devices  as  a  function  of  gate 
length.  Intrinsic  gate  capacitance 
was  determined  as  previously 
described,  and  transconductance  g^ 
is  also  computed  from  measured 
s-parameters.  The  f|j  values  are 
independent  of  the  measurement 
frequencies,  so  they  are  a  good 
representation  for  our  devices.  For 
these  MESFET's,  the  transit  frequency 
usually  peaks  just  above  threshold 
and  then  drops  again  for  more 
positive  gate  voltages.  In  Fig.6.  the 
peak  values  are  given  The  spread  in 
data  points  is  due  to  device  spread 
and  not  caused  by  measurement 
errors.  In  our  devices,  current 
saturation  is  mainly  caused  by  drift 
velocity  saturation  and  not  so  much 
by  the  channel  pinch-off  mechanism 
of  the  Shockley  model.  Under  these  circumstances,  transit  frequency  f|j  can 
be  written  as  f,,  =  Vg/2nL.  with  Vj  the  saturation  drift  velocity  and  L  the  gate 
length.  As  is  obvious  from  Fig.6,  our  devices  have  a  saturated  drift  velocity  of 
roughly  1.5  x  10'  cm/s,  independent  of  gate  length.  Velocity-overshoot  effects 
which  have  been  predicted  theoretically  (Ruch  1972,  Yoshii  et  al  1983,  Awano 
et  al  1983,  Fauquemberque  and  Pernisek  to  be  published),  are  not  visible  in 
Fig.6,  not  even  for  the  smallest  gate  length  of  0.33  fim.  Al  present,  we  do  not 
know  whether  this  is  a  deficiency  of  our  device  structures  or  due  to  the 
assumptions  made  in  the  Monte  Carlo  device  simulations. 

4.  Conclusions 

We  have  presented  electrical  data  of  submicron  MESFET's  made  with 
implanted  channels  and  electron-beam  lithography  Transconductance 
increases  weakly  with  decreasing  gate  length  to  a  maximum  of  370  mS/mm  at 
0.1  fim  gate  length.  Gate  capacitance  scales  with  gate  length.  Transit 
frequency  increases  nearly  linearly  with  reciprocal  gate  length,  indicating  a 
saturated  drift  velocity  of  1.5  x  10'  cm/s.  We  see  no  velocity-overshoot 
effects;  a  result  which  needs  more  clarification,  both  from  the  experimental 
and  theoretical  sides.  These  results  show  the  potential  of  submicron 
MESFET's  for  high-speed  applications  However,  vertical  scaling  of  the 
MESFET's  is  mandatory:  because  of  increased  two-dimensional  effects  (mainly 
caused  by  n^  implants)  the  0.1  pm  device  has  increased  output  conductance, 
and  cannot  be  pinched  off  for  >  0.6  V  (see  also  Patrick  ef  al  1985). 
Applying  constant  voltage  scaling,  the  channel  depth  has  to  be  reduced  with 
gate  length,  and  the  channel  doping  to  be  increased  with  the  inverse  square 
of  gate  length,  thus  maintaining  the  pinch-off  voltage.  In  addition,  the  depths 
of  the  n^  layers  have  also  to  be  scaled  These  measures  should  reduce  the 
gate-length  dependence  of  the  threshold  voltage  and  improve  the 
transconductance  and  the  output  conductance.  Our  channels  are  typically 


Fig.  6  Intrinsic  transit  frequency  f,j 
versus  measured  gate  length 
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100  nm,  whereas  more  shallow  channels  down  to  30  nm  should  be  obtained 
for  a  correct  vertical  scaling  of  the  0.1  /im  MESFET's.  For  an  ion-implanted 
process,  this  remains  a  real  challenge. 
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Ultrahigh  transconductance,  tin  doped,  spike  channel  GaAs  MESFETs 
grown  by  MOCVD 


K.H.  Hsieh,  J.D.  Parsons,  L.S.  Lichtmann,  L.  Jelloian,  and 
F.G.  Krajenbrink 

Hughes  Research  Laboratories,  Malibu,  CA  90265,  USA 

1 .  Introduction 

Low  noise  and  high  power  GaAs  MESFETs  are  of  great  technological 
importance  for  microwave  and  millimeter  wave  integrated  circuits. 
Maximizing  performance  of  these  devices  depends  upon  optimizing  both 
material  properties  and  device  design. 

Four  growth-controlled  characteristics  are  of  paramount  importance  in 
attaining  FET  structures  suitable  for  low  noise,  high  power,  high  speed 
devices  and  integrated  circuits.  First,  the  buffer  layer  material  must 
isolate  the  processed  devices,  and  it  must  accomplish  this  without 
relying  on  deep  levels  for  carrier  reduction,  in  order  to  avoid 
capacitative  coupling  and  light  sensitivity.  Second,  the  transition 
from  undoped  buffer  layer  to  n-doped  active  channel  must  be  very  abrupt, 
to  ensure  complete  channel  pinch-off.  Third,  low  resistance  (i.e.,  high 
carrier  concentration)  contacts  and  high  low-field  electron  mobility  are 
mandatory  for  high  transconductance  and  high  speed  device  operation. 
Fourth,  uniformities  of  better  than  *1/5  in  layer  thickness  and  carrier 
concentration  over  the  entire  chip  area  are  reqired  to  achieve  uniform 
pinch-off  voltages  and  current  gains. 

Device  design  features  which  contribute  to  good  performance  are 
incorporated  in  our  MESFET  design.  We  have  used  spike  channel  doping  to 
improve  high  frequency  performance  and  minimize  short  channel  effects 
(Daembkes  et  al.  1984). 

Our  efforts  have  been  concentrated  on  development  of  an  MOCVD  growth 
process  capable  of  achieving  the  material  requirements  reproducibly  and 
consistently,  and  on  development  of  a  device  fabrication  process 
compatible  with  the  epitaxial  device  structure.  The  results  presented 
in  this  paper  represent  the  successful  culmination  of  these  efforts:  an 
MOCVD  process  capable  of  consistent  growth  of  high  quality  materials  and 
a  spike  channel  doping  profile,  and  a  fabrication  tec'nnology  which 
yields  state-of-the-art  GaAs  MESFETs. 

2 .  Growth 

The  epitaxial  FET  structures  were  grown  by  atmospheric-pressure  MOCVD 
using  an  inverted-vertical  (i.v.)  reaction  chamber  {Parsons  et  al  1983, 
1984a).  In  the  i.v.  arrangement,  reactants  enter  at  the  bottom  of  the 
reaction  chamber  and  are  exhausted  at  the  top,  contrary  to  the  usual 
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Fig.  1  Cross  section  of  spike  channel  MESFEJT 


practice  with  vertical  chambers.  A  51  mm  (2  inch)  diameter  GaAs  wafer 
is  supported  by  placing  it  growth  face  downward  on  the  inside  bottom  of 
a  pyrolytic  boron  nitride  (PBN)  cup  having  a  44  mm  diameter  circular 
opening  in  its  base.  A  3  mm  wide  annulus  at  the  wafer’s  outer  rim  is 
thus  masked  from  growth.  Heating  is  accomplished  by  RF  induction  in  a 
graphite  susceptor  which  rests  directly  on  top  of  the  back  surface  of 
the  substrate  and  inside  the  PBN  cup. 

The  purpose  of  the  i.v.  configuration  is  to  achieve  stagnation  point 
flow  characteristics  and  eliminate  eddy-current  recirculation  of 
reactants  without  resorting  to  low  pressures  or  substrate  rotation. 
Epilayers  grown  in  the  i.v.  reactor  at  atmospheric  pressure  and  without 
substrate  rotation  exhibit  thickness  and  carrier  concentration 
uniformities  better  than  over  a  2  inch  wafer.  The  absence  of 
recirculating  eddies  also  facilitates  the  growth  of  hyperabrupt 
junctions  (Leys  et  al  1984).  The  PBN  cup  shields  the  growth  surface  and 
reactant  gases  from  the  the  hot  graphite  susceptor.  This  eliminates 
epilayer  impurity  incorporation  due  to  contamination  from  hot  reactor 
components  and  permits  reproducible  growth  of  high  purity  GaAs  (Parsons 
et  al  1985) . 

N-type  doped  layers  were  grown  using  tetraethyltin  (TET)  as  a  tin 
source.  Tin  has  several  advantages  as  an  n-dopant  in  MOCVD.  Its  vapor 
pressure  is  at  least  nine  orders  of  magnitude  lower  than  the  more 
commonly  used  group  VI  elements.  Its  use,  even  at  very  high 
concentrations,  does  not  produce  a  "memory  effect"  and  contaminate 
subsequently-grown  low-doped  layers.  Very  abrupt  high-to-low  doping 
transitions  are  also  possible.  Tin  also  has  a  very  high  solubility  and 
low  diffusivity  in  GaAs  and  in  Ill-V  compounds  in  general,  has  less 
tendency  towards  amphoteric  behavior  and  compensation  than  Si,  and  has 
the  smallest  activation  energy  of  available  n-dopants  (Parsons  et  al 
1984b).  These  attributes  of  Sn  are  important  factors  in  achieving  a  low 
contact  reisistance  and  a  spike  channel  doping  profile. 

Four  identical  GaAs  spike  channel  FET  structures,  shown  in  Fig.  1,  were 
grown  in  four  consecutive  growth  runs.  The  structure  consists  of  a 
semi-insulating  undoped  buffer  layer,  and  Sn  doped  channel,  spacer,  and 
contact  layers,  with  thicknesses  and  dopings  as  shown  in  the  figure. 
All  layers  were  grown  at  700  "C  and  al  a  rate  of  7.0  /<m/hr.  The  input 
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Fig.  2  Low  noise  MESrar  layout 


MAJOR  FLAT 


molar  ratio  of  AsHj  to  trjmethylgal 1 lum  (TMG)  was  8:1  during  buffer 
layer  growth  and  10  1  during  channel,  spacer,  and  contact  layer  growth. 
The  total  flow  rate  of  diluent,  carrier,  and  reactant  gases  through  the 
reactor  wa.s  2.9  slpm.  Growth  was  stopped  between  layers  in  order  to 
adjust  flows  and  to  allow  flushing  of  reactants. 

Sheet  resistances  of  these  wafers,  measured  with  a  Tencor  M  Gauge  200 
resistivity  meter,  indicated  very  uniform  doping  and  thickness  across 
the  wafer,  consistent  from  run  to  run.  Measured  sheet  resistances  were 
43.3,  56.2,  46  2,  and  60.3  11  square  for  wafers  from  the  four  consecutive 
runs.  These  resistances  represent  the  averages  of  measurements  from 
five  locations  on  the  2  inch  wafers.  The  individual  measurements  were 
within  2/5  of  the  average  value  for  the  wafer.  Defect  counts  on  the 
wafers  were  approximately  2000  cm"^. 

3.  De  vice  Fabrication 

Two  types  of  IffiSFGTs  were  fabricated  on  each  wafer  using  optical 
lithography.  Devices  with  5  /tm  source  to  drain  spacing  (channel 
spacing),  1.0  /im  gate  length,  and  75  ^m  gate  width,  referred  to  as  "Test 
(Tl  FHTs’ .  were  used  in  evaluation  of  material  quality  and  in  process 
monitoring.  Devices  with  2  pm  channel  length,  "low  noise  (LN)  FETs", 
were  also  fabricated.  These  l,N  FETs  had  two  gate  fingers,  each  of 
dimensions  1  pm  x  25  pm  This  "50  2*  layout  is  shown  in  Fig.  2. 

Hoth  types  of  devices  were  fabricated  in  the  same  process,'  from  mesa 
isolat.ion  step  t.o  ohmic  '‘cuit.acl  format  itin.  Mesa  isolat  ion  was  achieved 
by  wet  chemical  etching  of  the  epi layers  through  to  the  semi  insulating 
undoped  GaAs  buffer.  Ilhmic  contacts  were  obtained  with  AuGeNi  metals 
alloyed  at  360  'C  for  one  minute.  After  the  alloying  step,  PET 
saturation  currents  were  measured  at  sites  across  the  wafer  in  order  to 
examine  uniformity.  Results  are  shown  in  Fig.  3.  Only  a  1%  variation 
was  observed  in  a  region  within  a  1  inch  diameter  of  the  wafer  center, 
and  a  3!5  variation  in  a  1.5  inch  diameter  region.  The  high  uniformity 
of  thi  saturation  current  reflects  the  good  uniformity  of  the  product  of 
the  doping  concentration,  epilayer  thickness,  and  electron  mobility 
across  the  wafer. 
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Ti/Pt/Au  was  used  for  gate  metallization.  The  gate  metals  were 
deposited  after  the  gate  channel  was  recessed  to  a  distance  of  20  nD 
above  the  spike  channel  layer,  using  an  NH4OH/H2O2/HJ  etch.  The  small 
distance  between  the  gate  metal  and  the  spike  channel  is  a  design 
feature  which  enhances  the  transconductance. 

Both  T  FETs  and  LN  FETs  were  tested  in  PC  operation  at  room  temperature 
using  a  curve  tracer,  an  Accutest  automatic  DC  test  system,  and  an  HP 
4145A  semiconductor  parameter  analyzer.  Only  high  performance  LN  FET 
devices  were  selected  for  RF  testing. 

4.  Results 

Most  T  FETs  exhibited  external  transconductances  (g„)  above  200  mS/mm  on 
each  of  the  four  wafers  processed.  On  one  wafer  (MFET  3) ,  g„  values  as 
high  as  392  mS/mm  were  measured.  Two  wafers  out  of  the  four  were 
selected  to  have  additional  sections  processed  to  fabricate  LN  FETs,  as 
described  above.  Fig.  4  presents  data  from  the  best  resulting  device, 
an  LN  FET  from  wafer  MFET  3.  Drain  1  V  curves  for  one  finger  of  the  two 
finger  50  2  device  are  shown.  A  maximum  g„  of  440  mS/mm  was  achieved 
with  a  gate  bias  of  •O.h  V  at  room  temperature.  With  no  gate  bias,  g„ 
was  over  300  mS/mm.  A  g„  of  440  mS/mm  was  seen  on  several  other  devices 
from  this  wafer. 

This  ultrahigh  external  transconductance,  obtained  with  a  spike  duped 

channel  MESFET  produced  by  MOCVD,  represents  the  state  of  the  art  for  1 

/im  gate  length  devices,  equaled  only  by  MBE  grown  Gal nAs/ A1  InAs  HEMTs 

tested  at  room  temperature  (Hirose  et  al  1985).  It  is  also  much  higher 

than  the  330  mS/mm  figure  reported  for  MOCVD  grown  AlGaAs/GaAs  HEMTs 
(Takanashi  et  al  1985) . 

The  DC  1  V  curves  showed  excellent  saturation  characteristics  and  were 
free  of  hysteresis  and  light  sensitivity.  Pinch  off  for  the  FET  of  Fig. 
4  occured  at  0.9  V.  Most  devices  tested  showed  complete  pinch  off.  A 
small  drain  current  near  pinch  off  at  high  drain  voltage  in  the  drain  I 
V  for  some  devices  was  due  to  gate  leakage.  The  gate  leakage  could  be 
estimated  from  the  gate  to  source/drain  I  V  characteristics,  shown  in 
Fig.  5.  At  a  gate  to  drain  voltage  of  2.5  V,  the  gate  leakage  was 
about  0.5  mA,  which  agrees  with  the  drain  I  V  characteristic  near  pinch 
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off  in  Fig.  4.  This  gate  leakage  was  mainly  due  to  the  tunneling 
current  between  the  heavily  doped  spike  channel  and  the  Schottky  gate. 

Fig.  6  shows  the  g„  values  mapped  across  half  of  a  2  inch  wafer  (MFET  3) 
on  which  LN  FETs  were  fabricated  and  tested.  Of  the  138  LN  FETs  tested, 
a  very  high  fraction,  5255,  exhibited  g„  over  400  mS/mm  (indicated  by  an 
*E"  marker  in  the  figure).  The  center  of  the  2  inch  wafer  is  located  at 
the  dropout,  hence  the  g,„  values  showed  concentric  uniformity.  A  total 
of  66S  of  the  transistors  exhibited  g„  over  3(X)  mS/mm,  and  7S%  over  200 
oS/mm.  This  data  was  obtained  with  the  Accutest  system.  The  measured 
values  agreed  with  those  obtained  by  the  curve  tracer  and  the  HP  4145A 
parameter  analyzer. 

The  pinch-off  voltage  map  for  LN  FETs  on  this  same  wafer  section  is 
shown  in  Fig.  7.  Most  devices  had  pinch  off  voltages  between  0.82  and 
1.0  V.  Comparing  these  devices  (marked  "E")  with  the  high 
transconductance  devices  in  Fig.  6,  we  find  that  the  g„  uniformity 
agrees  with  pinch-off  uniformity  in  that  both  reveal  similar  concentric 
uniformity  around  the  dropout. 

There  were  minimal  backgating  effects  on  this  wafer  (MFET-3).  Only  a 
very  small  change  of  drain  current  was  observed  when  20  V  was  placed  on 
a  nearby  backgate  contact  (Fig.  8). 

5 .  Discussi on 

We  attribute  the  extremely  high  values  of  g„  for  these  MELT'ETs  to  the 
high  material  quality  of  the  MOCVD  epi layers  and  to  the  use  of  tin  as 
the  n-dopant.  As  mentioned  above,  tin  produces  a  very  shallow  donor 
level  and  has  comparatively  little  tendency  towards  self  compensation  in 
GaAs,  even  at  high  concentrations.  Comparing  materials  grown  in  our 
laboratories,  we  have  observed  that  Sn  doped  MOCVD  GaAs  epilayers  have 
mobilities  10  to  2015  higher  than  Si-doped  MBE  epilayers  of  the  same 
carrier  concentration. 


482 


Gallium  Arsenide  and  Related  Compounds  1986 


Fig.  8  Backgating  characteristics 


With  rcgHrti  tu  dcvHc  rharact  orist  irs .  thrsr  high  g„  devices  exhibited 
very  small  contact  resistances  (0.087  to  0.040  11  mm)  and  very  small 

Sour;  (  resistances.  For  the  2  itm  channel  LN  FBTs.  source  resistances  as 
lo«  as  0.13  n  mm  were  observed.  These  small  source  resistances  are  the 
result  of  a  heavily  doped  cap  layer  (n  •  S  x  lO’*’  cm'^),  a  spike 
'hannel,  arid  a  small  gale  to  source  distance  (Ob  fta)  .  In  the  deep  gate 
recess  process  used  for  these  devices,  we  were  able  to  put  the  gate 
metals  20  nm  above  the  spike  <'hannel  layer,  separated  by  a  less  heavily 
doped  spacer  layer  With  suih  a  short  gate  to  channel  distance,  the 
t  ransconducf  ati:  e  was  enharned  at  the  cost  of  gate  tunneling  leakage 
current 

Initial  RF  measurements  have  bi-ei.  .arru'd  out  for  selected  high 
performance  parts  S  parameter  measurements  from  0  04b  to  26  GHz  gave  a 
current  gain  .-ut  off  f requeney  f,  ,if  |.8  GHz  and  unity  power  gain 
frequency  f^  of  38  GHz,  respectable  for  1  itm  gate  length  devices. 
Details  of  the  RF  charact er i zat  ion  for  these  transistors  and  sub  micron 
gate  devices  fabricated  from  the  same  wafers  will  be  reported  in  other 
publ i eat  ions . 
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High  gain  step-graded  InGaAs(P)/InP  heterostructure  bipolar  transistors 
for  high  current  drive  -  high  frequency  applications 

R.  N.  Nottenburg,  M.  B.  Panish  and  H.  Temkin 

Bell  Communications  Research  Red  Bank,  NJ  07701-5699 

AT&T  Bell  Laboratories  Murray  Hill,  NJ  07974 

Abstract.  We  report  on  InGetAs(P)/InP  double  heterostructure  bipolar 
transistors  (DHBT)  with  step-graded  emitter  and  collector  junction 
interfaces.  These  devices  exhibit  high  current  gain  h^g~l300  and 
show  no  decrease  in  current  gain  for  collector  current  densities  up 
to  IXlo^A/cm^.  For  a  large  area  (lX10~'*cin^)  transistor  we 
measure  an  f^ajj  (frequency  of  unity  power  gain  )  of  3.7GHz. 

1.  Introduction 


Double  heterostructure  bipolar  transistors  (DHBT),  fabricated  using  the 
InGaAs/TnP  material  system,  are  attractive  candidates  for  integration -in 
long  wavelength  (1.3-1.55um)  fiber-optic  communication  systems  and  other 
high  speed  electronic  applications.  These  devices  already  have 
demonstrated  high  current  gadn  (fl)  (Grote  et  al.  1985  and  Kanbe  et  al. 
1984)  and  high  fl  at  very  low  collector  current  levels  (Nottenburg  et  al. 
1986).  In  addition,  these  transistors  should  offer  a  combination  of 
speed  and  high  current  capability  uniquely  suitable  to  integration  with 
semiconductor  lasers.  A  preliminary  report  (Shibata  et  ed.  1984)  has 
edready  demonstrated  1.6  Gbit/s  modulation  speed  in  a  monolithicadly 
integrated  laser  driver. 

To  date  however,  the  realization  of  high  performemce  InGaAs/InP  DHBT's 
has  been  impeded  due  to  the  limitations  in  materiads  growth  and  in 
particular  the  inaOoility  to  composition  ally  grade  the  emitter  and 
collector  junction  interface  regions.  Using  gas  source  molecular  beam 
epitaxy  GSMBE  (Panish  1986)  we  have  fabricated  step-grauled  interfaces  by 
the  incorporation  of  thin  0.02vim  InGaAsP  layers  on  both  sides  of  the 
InGaiAs  baise  region.  These  devices  have  higher  current  gain  than  abrupt 
DHBT's  and  show  no  fall-off  in  fl  for  collector  current  densities  as  high 
as  IXlO^A/cm^.  Furthermore,  a  large  area  (lX10“^cm^)  transistor 
is  demonstrated  with  an  f^i^x  (frequency  of  unity  power  gain)  of 
3.7GHz. 

2.  Crystal  Growth  And  Device  Fabrication 

The  InGaA^OnP  double  heterostructure  bipolar  transistors  were  grown  by 
GSMBE  on  (100)  oriented  N'*'  substrates  at  a  growth  temperature  of 
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Fig.  1  Schematic  representation 
of  the  step-graded  DHBT  device. 


THICKNESS 

DOPING  LEVEL 

CONTACT 

0.2/im 

>lo'*ctn'^ 

EMITTER 

O.J/itn 

2  X  lo’^cm"* 

GRADING 

LAYERS 

0.02/im 

2  X  lO'^cm'® 

BASE 

0, 12^m 

2  X  io'®cm'® 

COLLECTOR 

0.3/im 

2  X  I0"cm"® 

Table  1.  Doping  parameters  and 
layer  thicknesses  for  the 
step-graded  DHBT  with  the 
lowest  base  doping. 


500°C.  Three  device  structures  were  grown.  The  first  one,  is  a 
step-graded  DHBT  which  is  shown  schematiceQly  in  Fig.  1.  The  doping 
parameteiB  and  layer  thicknesses  for  this  device  are  given  in  Table  1.  A 
second  step-graded  device  with  a  much  higher  base  doping  level 
(p~3X10^®cm”^)  was  also  studied.  The  grading  in  both  these  devices 
was  achieved  by  growing  thin  (0.02pm)  lattice  matched  inGaAsP 
(Eg-0.95eV)  quaternary  layers  on  both  sides  of  the  InGaAs  bass  region. 
The  third  structure  is  identical  to  the  first  with  the  exception  that 
the  quaternary -step  layers  were  omitted. 

Devices  were  fabricated  into  mesa  structures  with  emitter 
area-40X100pm^  and  collector  area-lOOXlOOjum^ .  For  high  speed 
charasterizaticn  individual  transistors  were  bonded  into  conventional 
packages  and  power  gedn  versus  frequeicy  was  measured  using  a  epectrum 
analyzer. 

3.  Material  Quality 

To  assess  the  quality  of  the  InGaAs/lnP  heterostructures  the 
current-voltage  characteristics  of  the  emitter-base  and  base-collector 
diodes  were  measured  and  are  shown  in  Fig.  2.  A  junction  ideality  factor 
n-1.0  is  measured  for  bcth  the  emitter  and  collector  diodes.  The  absence 
of  any  "2KI  current"  component  demonstrates  that  these  junctions  are 
free  of  defects.  In  addition,  the  absence  of  any  surfa.%  recombination 
current  is  predicted  from  the  low  intrinsic  surface  recombination 
vaiocl^  found  in  the  inGaA^/InP  system.  Since  bcth  junctions  show  ideal 
behavior  we  can  conclude  that  the  growth  sequence  is  unimportant.  This 
is  in  contrast  to  the  AlGaA^/GaAs  system  in  which  the  AlGaAs  to  GaAs 
transition  often  results  in  lower  junction  quality.  The  common-emitter 
characteristics  for  this  device  are  shown  in  Fig.  3.  For  a  base  current 
as  low  as  0.2nA,  a  collector  current  I(.-36nA  is  measured 
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Fig.  2  Current-voltage  Fig.  3  Common-emitter 

characteristics  of  the  emitter  characteristics  for  an  abrupt 
and  collector  junction  diodes.  DHETT  at  low  collector  current. 

corre^ianding  to  a  current  gain  of  180.  It  is  also  evident  from  Fig.  3 
that  the  current  gain  at  these  low  collector  current  levels  is 
ind^>endent  cf  Iq.  From  the  high  current  gain  and  the  small  variation 
of  fl  with  Ig,  we  observe  that  the  emitter  injection  efficiency  for 
this  device  is  close  to  unity  over  a  wide  range  of  emitter  junction 
bias.  These  results  are  consistent  with  the  current-voltage 
characteristics  shown  in  Fig.  2. 

The  vise  of  a  «rlde  band-gap  InP  collector  also  reduces  the  beise-coUector 
junction  leakage  current.  With  the  emitter  terminal  open  I^Q~0.3nA  is 
mezmured  for  v^g-iv.  This  is  consistent  with  the  collector  saturation 
current  measured  for  the  base  terminal  open  (5-100, 

^CEO'^^Co)'  ^  value  for  the  base-collector  junction  dark 

current  further  attests  to  the  high  quality  of  these  materials. 


4.1  DC  Characteristics 

At  high  current  levels  the  abrupt  DHBT  device  exhibits  (Fig.  <a)  a  soft 
tum-cn  and  poor  saturation  characteristics.  Similar  characteristics 
have  also  bean  observed  for  abrupt  InGaAsP/InP  DHBT  devices  (Su  et  al. 
1985)  grown  by  liquid  phase  epitaxy.  The  dependence  of  on  collector 
bias  has  bean  shown  to  be  due  to  the  prosanoa  of  a  spike  barrier  in  the 
base-collector  conduction  band  (Hayes  et  al.  1984).  By  shifting  the 
t>aae-aoillactor  p/n  junction  into  the  narrow  band-g^  material  (Su  et  al. 
1985)  transistors  with  low  collector  offset  voltage  and  improved 
saturation  obaracteriAios  were  obtained.  This  approach,  however,  is  not 
optimum  for  high  speed  transistor  operation  because  of 
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Fig.  4a  Common-emitter 
characteristics  for  the  abrupt 
DHBT  device  at  high  collector 
currents. 


Fig.  4b  Common-emitter 
characteristics  for  a 
step-graded  DHBT. 


the  relatively  low,  high  field  drift  velocity  in  the  narrow  bzmd-gap 
material.  In  addition,  this  approach  restricts  the  collector  doping  to 
fairly  low  values  because  of  junction  breakdown.  A  better  solution  is  to 
step-grade  the  base-collector  interface.  This  results  in  a  low  collector 
offset  voltage  and  improved  collection  efficiency  of  injected  base 
electrons.  The  oomman-emitter  characteristks  of  a  step-graded  DHBT  are 
shown  in  Fig.  4b.  The  addition  of  the  grading  layers  reduces  the 
collector  offset  voltage  to  less  than  lOOmV  and  results  in  a  nearly  flat 
saturation  regim.  In  addition,  the  current  gain  (smedl  signed,  current 
gedn  hfg>1300)  and  the  meodmum  current  remge  are  greatly  improved  as 
shown  in  Fig.  5.  On  the  other  hand,  the  introduction  of  InGaAsP  step 
layers  results  in  an  increased  dependence  of  the  current  gain  on 
collector  current  (&-I(.°’^),  These  effects  are  presumably  due  to  a 
slight  lattice  mismatch  and  varies  from  wafer  to  wafer.  What  is 
remark^U^le,  however,  is  that  even  at  very  high  base  doping  levels 
p-3X10^®cm“^  where  ^U.most  adl  the  electrostatic  potential  drop  is  on 
the  InP  collector  side,  a  single  quaternary  step  provides  sufficient 
grading.  This  is  apparent  from  the  common-emitter  characteristics  shown 
in  Fig.  4c.  This  transistor  exhibits  flat  saturation  characteristics  and 
shows  a  current  gain  hfg-120  despite  the  very  high  base  doping  level. 
From  the  current  gedn  of  this  device  we  ceui  estimate  a  lower  limit  for 
the  minority  carrier  diffusion  length  in  the  base  -1pm. 

4.2  High  Frequency  Performance 

The  large  area  step-graded  DHBT's  are  ideed  for  many  applications 
requiring  high  current  drive  at  moderate  frequencies.  In  such  devices 
the  frequency  response  is  limited  by  the  charging  tune  of  the  emitter 
and  collector  junction  capacitances.  Despite  the  relatively  large 
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Fig.  4c  Conmon-enltter 
characteristics  for  the 
step-graded  DHBT  with 
base  doping  p-3XX0^®cin~^ . 


Fig.  5  Dependence  of  current 
gedn  (fl)  on  collector  current. 


Fig.  6  D^^endence  of  power  gain 
on  frequency. 


junction  areas  and  associated  capacitances  (Cj.=6pf  and  CQ=l5pf),  we 
observe  an  f_,„-3.7GHz  at  a  collector  current  of  250inA.  As  shown  in 
Fig.  5.  the  transistor  (base  doping  p-2X10'^°cm  ■’)  exhibits  a  power 
gain  of  20dB  at  IGHz.  This  makes  it  an  attractive  device  for  a 
semiconductor  laser  driver  where  RF  modiilatiai  currents  on  the  order  of 
50mA  are  required.  In  light  of  the  high  current  capeOoility  of  these 
transistors  it  should  be  possible  to  considerably  reduce  the  device  size 
and  still  have  adequate  laser  drive  capability. 

5.  Conclusions 

lnGaAs(P)/InP  DHBT  devices  with  high  current  gain  (hfg-1300)  and  low 
collector  offset  voltage  -lOOmV  have  been  reeUized  by  step-grading  the 
emitter  and  collector  junction  interfaces.  The  grading  is  achieved  by 
the  growth  of  thin  (0.02pm)  lattice  matched  XnGaAsP  layers  on  both  sides 
aC  an  InGaAs  beoe.  These  transistors  show  no  decrease  in  current  gain 
for  collector  current  densities  up  to  iXio^A/cm^  and  exhibit  an 
making  them  attractive  candidates  for  integrated 
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semiconductor  laser  driver  applications. 
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ABSTRACT 

A  GaAs  E/D  MESFET  1  K  bit  static  RAM  has  been  fabricated  on  a  2  inch 
GaAs-on-Si  substrate.  The  GaAs  layer  is  grown  on  a  (100)  silicon  wafer  by 
MBE.  A  row  address  access  time  of  6-14  nsec  compares  well  with  the  4-12 
nsec  for  bulk  GaAs  devices  fabricated  concurrently  using  the  identical  E/D 
MESFET  process.  The  total  power  dissipation  of  less  than  500  mW  and  the 
memory  array  dissipation  of  45  mW  are  also  comparable  to  the  bulk  GaAs 
chips. 

INTRODUCTION 

A  recent  success  in  growing  high  quality  GaAs  layers  on  silicon  substrates 
has  prompted  an  immediate  interest  in  utilizing  this  material  for  device 
applications  (Fisher  et  al.  1986).  Besides  the  realization  of  GaAs/Si  monolithic 
integrated  circuits  with  high  speed  and  optoelectronic  GaAs  circuits  and  high 
density  silicon  circuits  on  a  chip  (Choi  et  al.  1986),  there  exists  a  possibility  of 
utilizing  this  material  in  place  of  bulk  GaAs  wafers  for  GaAs  digital  ICs  Some  of 
the  advantages  of  GaAs-on-Si  wafers  over  bulk  GaAs  wafers  include:  1)higher 
mechanical  strength  of  silicon  substrates  compared  to  brittle  GaAs  substrates, 
which  facilitates  wafer  handling  and  process  automation,  2)availability  of  large 
diameter  silicon  wafers  which  is  expected  to  reduce  the  cost  of  1C  chips,  and 
3)three  times  higher  thermal  conductivity  of  silicon  compared  to  GaAs,  which 
helps  in  dissipating  the  heat  from  high  speed  circuits 

In  spite  of  these  expectations,  however,  the  progress  in  applying  this 
material  for  LSI-level  digital  circuits  has  been  rather  slow  because  of  the 
limitations  and  uncertainties  in  material  quality.  The  only  reported  result  on 
circuit  performance  to  date  is  a  17  stage  ring  oscillator  (Nonaka  et  al.  1984) 
which  contains  no  more  than  50  transistors.  Additionally,  the  compatibility  of 
GaAs-on-Si  wafers  with  GaAs  wafers  in  a  circuit  fabrication  process  has  not  been 
demonstrated. 

FABRICATION  PROCESS 

The  GaAs-on-Si  wafers  used  in  our  studies  are  prepared  by  growing  a  4 
pm  thick  GaAs  layer  on  a  2  inch  n  +  doped  (100)  silicon  substrate  by  MBE.  The 
ctystal  orientation  of  the  silicon  substrate  is  tilted  4  degrees  towards  a  (011) 
direction  to  avoid  the  formation  of  antiphase  domains  and  to  improve  the 
surface  morphology  (Lee  1986).  After  the  silicon  substrate  is  heated  to  1000°C 
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for  3  minutes  in  the  MBE  preparation  chamber,  the  first  0.2  pm  of  the  GaAs 
layer  is  grown  at  525°C  at  a  growth  rate  of  0.3  um/hr.  Subsequently  the 
temperature  is  raised  to  SSO^C,  and  the  remainder  of  the  GaAs  layer  is  grown  at 
a  rate  of  0.9  pm/hr.  The  resulting  GaAs  surface  layer  is  very  smooth  and  shows 
an  excellent  surface  morphology  comparable  to  GaAs  layers  grown  on  GaAs 
substrates.  A  cross  sectional  TEM  micrograph  indicates  that  the  dislocation 
density  at  the  surface  is  approximately  107  to  108  /cm2.  The  GaAs  layer  is  left 
undoped  in  order  to  use  a  fully  implanted  MESFET  process  to  examine  the 
compatibility  of  the  GaAs-on-Si  material  with  a  standard  GaAs  MESFET  process 
and  to  compare  directly  with  bulk  semi-insulating  LEG  GaAs  wafers.  The 
background  doping  of  the  undoped  layer  is  on  the  order  of  lO'^cm-S. 

The  fabrication  process  for  GaAs-on-Si  wafers  is  identical  to  that  for  bulk 
semi-insulating  GaAs  wafers  (McLevige  and  Chang  1985).  It  uses  a  fully 
implanted  two-threshold  process  with  a  true  double-level  metal 
interconnection.  All  lithography  is  done  using  a  lOx  optical  stepper  with  a 
resolution  of  1  pm  which  is  also  the  minimum  dimension  of  the  MESFET  gates. 
After  three  implants,  the  slices  are  annealed  using  a  proximity  arsenic 
overpressure  system  at  SSO^C  for  15  minutes.  It  should  be  noted  that  after  the 
annealing,  the  slices  show  no  sign  of  cracking  or  peeling.  On  the  contrary,  the 
material  quality  is  actually  found  to  improve  after  this  thermal  annealing  with  a 
dramatic  reduction  of  dislocations  at  the  surface  (Lee  et.  al.  1986).  A  cross 
sectional  TEM  shows  that  most  of  twins  and  slip  lines  are  eliminated  in  the  GaAs 
layer  and  that  the  dislocation  density  at  the  surface  is  reduced  by  several  orders 
or  magnitude.  This  improvement  is  attributed  to  the  solid  phase  regrowth  of 
the  GaAs  layer.  After  the  annealing,  the  ohmic  and  Schottky  metals  are  formed 
by  evaporation  and  liftoff,  followed  by  the  formation  of  double-level  metal 
interconnection  to  complete  the  circuit  fabrication. 

DEVICE  PERFORMANCE 

Fig.1  shows  typical  current  voltage  characteristics  of  enhancement  and 
depletion  GaAs  MESFETs  fabricated  in  a  GaAs-on-Si  wafer.  The  threshold 
voltages  are  0.15  and  -0.7  volts  for  enhancement  and  depletion  devices, 
respectively.  Maximum  transconductances  of  196  mS/mm  for  enhancement  and 
182  mS/mm  for  depletion  devices  have  been  obtained.  The  average  values  over 
a  2  inch  wafer  are  170  mS/mm  and  147  mS/mm  for  enhancement  and  depletion 
devices,  respectively.  These  values  correspond  to  approximately  80%  of  those 
for  devices  fabricated  in  bulk  GaAs  wafers  processed  concurrently. 

Enhancement  Depletion 


FIG.1.  I-V  characteristics  of  fully  implanted  enhancement  and  depletion 
GaAs  MESFETs  fabricated  in  a  GaAs-on-Si  wafer. 
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Fig. 2.  Threshold  voltage  uniformity  of  GaAs  E/D  MESFETs  across  a  2  inch 

GaAs-on-Si  wafer. 


Surprisingly,  the  uniformity  of  the  threshold  voltage  is  found  to  be 
excellent  for  GaAs-on-Si  wafers.  Fig.2  shows  an  example  of  the  threshold 
voltage  uniformity  obtained  across  a  2  inch  wafer.  Standard  deviations  as  low 
as  27  mV  across  a  2  inch  wafer  have  been  obtained  with  typical  values  of  30-70 
mV.  These  uniformities  are  comparable  to  the  best  uniformity  found  for  GaAs 
wafers.  This  excellent  uniformity  proves  the  excellent  quality  of  the  GaAs  layer 
grown  on  a  silicon  substrate. 

STATIC  RAM  PERFORMANCE 

The  circuit  design  of  the  IK-bit  static  RAM  fabricated  in  a  GaAs-on-Si 
wafer  is  identical  to  the  one  used  for  bulk  GaAs  SRAM  previously  reported 
(McLevige  and  Chang  1985).  The  IK  SRAM  uses  DCFL  for  the  memory  array  and 
BFL  circuits  for  the  peripheral  circuits,  and  is  fully  ECL-compatible.  The  memory 
cell  area  is  774  um2  and  the  chip  size  is  2.0  x  1.75  mm2.  Fig. 3  shows  a  chip 
photograph  of  the  1 K  SRAM. 


Fig. 3.  Chip  photograph  of 
IK-bit  static  RAM. 
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(a) 


Fig.4,  (a)  Waveforms  showing  operation  of  two  memory  bits. 

(b)  Oscilloscope  photograph  of  access  time  measurements. 
Horizontal  scale  is  2  ns/div.  Both  signals  are  measured  using 
O.IX  picoprobe 


Fig  4  demonstrates  the  functionality  of  the  SRAM.  The  input  signal 
patterns  in  Fig  4(a)  exercise  the  four  possible  permutations  of  address  and  data 
changes  for  two  bits  of  memory.  As  shown  in  the  waveforms  in  Fig.4(b),  a 
minimum  address  access  time  of  6  nsec  has  been  obtained.  The  measured  access 
times  for  the  GaAs-on-Si  wafer  range  from  6  to  14  nsec  compared  to  the  4  to  12 
nsec  observed  for  the  bulk  GaAs  SRAMs  fabricated  concurrently  using  the  same 
design  The  power  consumption  is  also  very  comparable.  For  both  cases,  the 
chip  dissipates  approximately  400  mW. 

CONCLUSIONS 

A  1K-b(t  static  RAM  with  a  minimum  address  access  time  of  6  nsec  has 
been  fabricated  for  the  first  time  m  GaAs-on-Si  material.  Comparable 
performances  of  LSI-level  circuits  between  GaAs-on-Si  wafer  and  bulk  GaAs 
wafer  indicate  that  the  GaAs-on-Si  technology  is  well  suited  for  digital  1C 
applications 
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Abstract:  The  scattering  parameters  of  high  electron  mobility  transistors 
were  measured  at  W-band  using  a  six-port  network  analyzer.  Connections 
to  the  transistors  were  made  using  microstrip  and  ridged  waveguide  transi¬ 
tions.  Actual  scattering  parameters  were  then  determined  from  the  experi¬ 
mental  data  using  a  two-tier  de-embedding  process. 

1.  Introduction 

Technological  advances  in  device  fabrication  have  made  it  possible  to  develop 
field-effect  transistors  that  operate  at  millimeter  wave  frequencies.  In  particular,  high 
electron  mobility  transistors  (HEMT)  have  received  considerable  attention  for  use  in 
millimeter  wave  active  circuits.  Recently,  HEMTs  have  been  used  in  amplifiers  at  70 
GHz  (Sholley  1986a)  and  at  94  GHz  (Smith  1986b). 

The  design  of  these  millimeter  wave  circuits  is  typically  preceded  by  scattering 
parameter  measurements  of  the  transistor  at  microwave  frequencies,  from  which  a 
small  signal  transistor  circuit  model  is  derived.  The  performance  of  the  transistor  in  a 
millimeter  wave  circuit  is  then  obtained  by  extrapolating  the  model  to  the  frequency 
of  interest.  The  physical  realization  of  the  millimeter  wave  circuit  usually  requires 
extensive  tuning. 

This  paper  presents  an  approach  to  direct  scattering  parameter  measurements  of 
quarter-micron  gate  length  HEMTs  at  W-band  (75  GHz  to  1 10  GHz).  The  measure¬ 
ments  are  achieved  using  a  six-port  network  analyzer,  along  with  a  ridged  waveguide 
to  microstrip  transition.  The  final  results  are  obtained  after  de-embedding  the  transis¬ 
tors  scattering  parameters  from  the  transition  test  fixture. 

2.  Six-Port  Network  Analyzer 

In  order  to  measure  scattering  parameters  at  W-band,  a  six-port  network  analyzer 
was  constructed  using  discrete  commercially  available  waveguide  components.  The 
six-port  junction  allows  the  determination  of  a  device’s  reflection  or  'u-ansmission 
coefficient  by  measuring  the  power  at  four  ports  (Engcr  1977).  In  figure  1,  the  six- 
port  network  analyzer  is  configured  for  reflection  measurements.  The  power  measure¬ 
ments  are  taken  at  P3  through  Pg  in  the  figure  by  W-band  thermistors  which  were 
chosen  for  their  linearity.  Power  is  supplied  by  a  backward  wave  oscillator  that  has 
been  frequency  locked.  The  test  fixture  containing  the  device  is  connected  to  the 
remaining  port.  Power  readings  are  acquired  from  each  power  meter  using  a  com¬ 
puter  controlled  scanner  and  voltmeter.  In  addition  to  reflection  measurements,  the 
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transmission  coefficients  of  the  device  can  be  obtained  by  a  minor  re-configurement  of 
the  input  power  and  device  connection  ports. 

3.  Measurement  of  HEMT 

A  five  section  Chebyshev  ridged  waveguide  transformer  was  fabricated  to  couple 
the  waveguide  of  the  six-port  to  SO  n  microstrip  transmission  line,  as  shown  in  figure 
2.  The  ridge  was  designed  for  a  passband  from  70  GHz  to  110  GHz.  Indium  ribbon 
was  placed  between  the  end  of  the  ridge  and  the  microstrip  line  to  ensure  good  electr¬ 
ical  contact. 

The  HEMT  was  placed  at  the  center  of  the  test  fixture  and  attached  to  the 
microstrip  lines  by  ribbon  bonds  to  the  gate  and  drain,  with  the  source  grounded  by 
ribbon  bonds  to  the  test  fixture.  Bias  current  was  applied  through  0.0007  inch  bond 
wires,  and  microstrip  chip  capacitors  with  resonant  frequencies  at  75  GHz  provided 
DC  blocks. 

Since  good  microstrip  short  circuits  are  difficult  to  achieve  at  millimeter  wave 
frequencies,  a  two-tier  de-embedding  process  was  used  to  obtain  the  scattering  param¬ 
eter  of  the  HEMTs.  First,  a  test  fixture  comprising  back-to-back  waveguide  to 
microstrip  transitions  separated  by  a  length  of  microstrip  line  was  characterized  by 
measuring  its  transmission  coefficient  and  reflection  coefficient.  Next,  the  reflection 
coefficient  of  a  single  transition  was  measured  using  a  microstrip  load.  From  these 
measurements  the  scattering  parameters  of  the  test  fixture  were  determined.  The  next 
step  was  to  measure  the  reflection  and  transmission  coefficients  of  the  test  fixture  with 
a  HEMT.  By  assuming  a  symmetrical  test  fixture  the  device  scattering  parameters 
were  determined  by  the  method  of  Kupps  and  Sodomsky  (1971). 

Table  1  shows  the  de-embedded  scattering  parameters  of  a  HEMT  and  bond  rib¬ 
bons  at  frequencies  between  75  GHz  and  85  GHz.  In  figure  3,  the  maximum  avail¬ 
able  gain  of  the  HEMT  was  calculated  from  the  measured  scattering  parameters.  It  is 
apparent  form  this  figure  that  the  maximum  frequency  of  oscillation  of  this  HEMT 
occuaed  a  little  below  75  GHz. 

At  millimeter  wave  frequencies,  the  bond  ribbons  behave  more  like  transmission 
lines  rather  than  discrete  inductances.  Measurements  are  being  planned  on  transistors 
with  zero  drain  bias,  which  would  simplify  the  small  signal  model  enough  to  obtain 
an  effective  bond  ribbon  characteristic  impedance  (Curtice  1985). 

It  may  be  concluded  from  the  transistors  that  have  been  characterized  that  it  is 
difficult  to  predict  from  a  device’s  DC  behavior  whether  or  not  it  will  operate  with 
gain  at  W-band.  However,  techniques  are  being  developed  which  allow  microwave 
characterization  of  devices  that  are  still  on  a  wafer.  Thus,  HEMTs  which  show  prom¬ 
ise  of  operation  at  W-band  can  be  pre-selected  for  further  characterization  above  75 
GHz  of  millimeter  wave  active  circuits. 
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Six-port  Network  Analyzer  in  Reflection  Measurement  Configuration 
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0.303 

-75.3° 
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-36.9° 

0.576 

-29.3° 

0.221 

-12.1° 

85.0 

0.137 

-15.1° 

0.368 

-30.5° 

0.440 

-22.8° 

0.240 

-11.6° 

Table  1.  De-Embedded  Scattering  Parameters  of  a  HEMT  and  Bond  Ribbons. 
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15  GHi-band  power  InP  MlSFETs 


H.  Tokuda,  H.  Kamo,  F.  Sasaki  and  M.  -ligashiura 

Microwave  Solii-State  Deiartraent,  Komukai  Works,  Toshiba  Corporation 

I,  Komukai  Toskiba-cho,  Saiwai-ku,  Kawasaki  SIO,  .lajian 

Abstract.  Fower  Inf  MISFFTs  •.■ive  been  developed  using  phosfho-silicate- 
glass  (PGS)  as  a  gate  insulator,  which  was  deposited  In  situ  at  300  °C 
after  etci.ing  Ir.F  surface  wit'n  HC1.^^0ood,,intjrface  properties  with  inter 
face  state  density  as  low  as  f.bxl')  cm  teV  were  obtained.  Fabricated 
MlSFETs  with  gate  length  •ml  wilt';,  of  O.Y  um  and  ^OC  ym  ,  resi  ectively, 
exhibited  maxirn’orn  outrut  power  of  '.“I  W  with  gain  of  b.l  dB  at  15  OHz. 

1.  Introduction 


For  microwave  :  ewer  device  ap;  licat  i one ,  IiiF  is  potentially  superior  to  OaAs 
in  terms  of  ti.eiTial  ccniuctivity  and  t  electron  drift  velocity.  In  fact, 
several  resultc  showing  high.er  outrut  power  per  gate  width  than  that  of  GaAs 
MESFETs  have  teen  reiortei  :’or  Ir.F  MlSFETs  (Armand  et  al.  1983,  Itoh  and 
Ohata  1983).  The.:e  result.-,  •;owever,  are  only  limited  to  rather  low  fre¬ 
quencies  and  RF  ;  •  rf .  r-m-i;.  -i*  *  :-,e  fre-iuency  higher  than  Ku-band  lias  not 

been  reported  yet. 

In  this  paper,  -we  re;  ort  or.  ne-wly  developed  InF  MlSFETs  and  tlieir  RF  per¬ 
formance  at  15  GHz  as  well  -is  '•  GHz.  The  MlSFETs  exhibited  successful  Ku 
band  operation  for  t'ne  first  time  ai-.J  higher  O'Jtput  power  per  gate  width 
tiian  that  of  Ga/Gs  ME.'FE'Ts  was  obtained.  Section  2  describes  the  interface 
fropertier  botwr-cri  -i  g-ito  i:.;'-;irit'jr  a:.  1  an  Ir.F'  substrate.  The  fabrication 
rrocesr  ar.i  the  ievi.-e  stru-ture  i.-.  i'.tio'wri  in  section  3.  In  section.^  b  and 
',  DC  .an  i  FF  c.hararteri.-tic.'  -ire  mentioned.  Section  6  gives  a  .summary. 

2.  Interface  properties  between  insulator  and  InP 

Tile  improvement  of  tne  interface  properties  between  a  gate  insulator  and  a 
substrate  is  a  key  factor  for  the  successful  operation  of  tne  MlSFETs. 

In  this  work,  a  pliosplio-silicate  glass  (PGG)  was  used  as  a  gate  insulator. 
After  an  InP  sulustrate  was  pretreated  by  etcliing  with  the  solution  of 
;i.^P0^/H,.0,/H,,0,  it  wa."  p'lt  into  the  reactor.  T'..e  FSG  film  was  deposited 
by  the  reaction  of  silane,  oxygeti  and  phosphine  under  atmospheric  pressure. 
The  deposition  temperature  was  300  °C.  Before  tlie  deposition  of  PPG  film, 
InF  .surface  was  slightly  eta-i.ed  in^situ  in  the  reactor  by  HCl  gas.  The 
depo.sition  rate  was  tyj  ically  250  A/min. 

MIP  diodes  were  fabricated  to  investigate  the  interface  properties  between 
the  PPG  film  and  InP  substrates.  iJndored  (n-type)  InP  (100)  substrates 
with  a  carrier  concentration  of  R.5xl0^  cm”  were  used  for  this  experiment.s 
The  thickne.s.a  of  the  PPG  film  was  800  A.  Figure  1  shows  the  capacitance- 
voltage  (C-V)  curves  of  the  diodes.  The  measuring  frequency  and  the  sweep 
rate  of  the  bia;;  voltage  were  1  MHz  and  0.1  V/s,  respectively.  In  the 
figure,  C-V  curve  for  t!ie  PPG  film  without  HCl  etching  in  also  shown  to 
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clarify  the  effect  of  HCl  etching. 
Comparing  these  two  curves,  the 
following  differences  are  notice¬ 
able;  (i)  the  width  of  the  flat 
=0.82  in  this  case) 
in  the  hysteresis 
loop  reduces  from  1  V  (without  KCl 
etching  case)  to  0.1*  Y  (with  HCl 
etching  case),  (ii)  the  interface 
state  density  obtained  from 
Terman's  method  ( s^Qwn  Jn  F|g.  2) 
is  as  higi:  as  1x10  ^cm'.eV  at 
tiie  bottom  for  the  film  without 


HCl  etchi^^,  vhile  is  as  low 
as  cm  teV  for  that  with 


V{V) 

Fig.  1  C-V  curves  of  MIS  diodes. 


HCl  etching  and  (iii)  the  change  of 
the  surface  potential  is  restricted 
from  0.1  V  to  -0.3  V  for  the  film 
without  HCl  etching,  wiiile  it  becomes 
wider  ,  from  0.1  V  to  -0.55  V 
(almost  midgar)  for  that  with  HCl 
etci'.ir.g.  These  three  imrrcvements  of 
the  interface  properties  were  essential 
or.  the  fabricated  MISFE7  operation  for 
.suppressing  the  drain  current  drift, 
increasing  the  transconductance  sind 
obtaining  '  good  pinch-off  charact¬ 
eristic.  The  frequency  dispersion  of 
the  capacitance  was  also  measured  in 
t’.e  frequency  range  from  3C  KT  to  1  MHz. 
T'ne  res'ults  showed  that  the  dispersion 
at  the  biasing  of  5  V  was  within  less 
thxn  3  %  throughout  the  measured  fre¬ 
quencies,  and  this  confirmed  the 
attainment  of  the  accum'ulation  con- 


(mid  gap) 


iiticn.  The  relative  dielectric 
ccn.:tant  of  the  FSl  film  calculated 
from  the  accumulation  capacitance  was 


“ig.  .T  Interface  state  density  as 
1  function  of  surface  potential. 


Ac  is  .fnowr.  in  trie  preceding  paragraph, 
ti.e  effect  of  HCl  etching  before  the 


Etcrwng  tim*  (mini  { lime  (  min) 

Fig.  3  AES  depth  profiles  for  PSG  films  deposited  on  InP.  (a)  Without  HCl 
etching,  (b)  with  HCl  etching. 
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Okamura  and  Kobayaahi  (I980)  have  reported  on  the  role  of  HCl  etching  as  to 
remove  the  native  oxide  layer  which  exists  inevitably  on  InP  surface.  Here, 
we  propose  another  role  of  HCl  etching  for  the  deposition  of  PSG  film. 

Figure  3  shows  the  AES  depth  profiles  of  the  PSG  films  deposited  without 
(Fig.  3(a))  and  with  (Fig.  3(b))  HCl  etching.  These  two  films  were  deposited 
under  the  same  conditions  except  for  the  HCl  etching.  As  is  clearly  seen, 
phosphorus  signal  was  not  detected  for  the  film  without  HCl  etching,  vrtiile 
it  was  detected  for  that  with  HCl  etching.  However,  SIMS  measurement,  which 
is  more  sensitive  than  AES,  showed  the  existence  of  the  phosphorus  even  in 
the  film  without  HCl  etching.  The  phosphorus  concentration  in  the  film  with 
HCl  etching  was  found  to  be  15~20  times  higher  than 
that  in  the  film  without  HCl  etching.  These  results 
suggest  that  HCl  gas  acts  as  a  catalyst  to  make  the 
phosphorus  concentration  high  in  the  film.  It  is 
plausible  that  the  higher  concentration  of  phosphorus 
leads  to  the  improvements  of  the  interface  properties, 
which  wasalso  reported  by  Pande  and  Gutierrez  (1985). 


The  role  of  HCl  etching  for  the  improvements  of  inter¬ 
face  properties  by  unking  the  phosphorus  concentra¬ 
tion  high  instead  of  removing  the  native  oxide  is 
also  supported  by  the  experiments  shown  below. 

(i)  The  londoped  SiO,  film  was  deposited  in  situ  after 
InP  surface  was  etched  with  HCl.  The  interface  state 
density  of  the  film  was  higher  than  that  of  the  PSG 
film  without  HCl  etching.  This  resxilt  indicates  that 
the  interface  state  density  between  the  film  and  InP 
is  dominated  by  the  phosphorus  concentration  during 
the  deposition  of  the  film,  (ii)  The  PSG  film 
was  deposited  without  HCl  etching  after  the  pre¬ 
treated  InP  surface  was  exposed  to  the  air  for  12 
hours.  The  C-V  curve  was  almost  the  same  as  that 
deposited  immediately  after  the  InP  surface  being 
pretreated.  This  result  indicates  that  the  native 
oxide  does  not  affect  the  interface  properties. 


3.  Fabrication  process  and  device  structure 


Depletion-type  InP  MISFETs  were  fabricated.  The  fabri¬ 
cation  process  is  shown  in  Fig.  !<.  An  undoped  buffer 
layer  and  an  n-type  active  layer  were  successively 


grown  on  an  Fe  doped  semi-insulating  substrate  by 
chloride  (in/PCl^/H-)  VPE.  The  carrier  concentra¬ 
tion  and  the-thickness  of  the  active  layer  were 
1.5x1?'  cm”  and  0.25  um,  respectively  (Fig.  l*(a)) 


Fig.  ^4  Fabrication  pro¬ 
cess  of  InP  MISFET. 


After  mesa-etching  (Fig.  U(b)),  source  and  drain  electrodes  were  formed  by 


alloying  evaporated  Ni/AuGe  at  1*00  °C  for  2  minutes.  The  undoped  SiOg  film 
was  used  as  the  spacer  for  the  lift-off  of  Ni/AuGe  metal  (Fig.  1*  (c)). 


The  gate  pattern  was  delineated  and  recess-etching  using  a  solution  of 
H-P0,/H„0„/H„0  was  performed  to  the  depth  where  the  drain  to  source  current 
decreased‘to^l20  mA.  The  gate  insulator  was  deposited  in  t:.e  same^ process 
as  described  in  section  2.  The  thickness  of  the  PSG  film  was  800  A  (Fig.  1*  (d)). 


The  gate  pattern  was  re-aligned  precisely  on  the  previously  formed  recessed 


pattern  using  the  same  photo-mask  as  used  in  the  recess-etching.  A1  was 
evaporated  with  a  thickness  of  TOGO  A  and  lifted-off  leaving  the  gate 
electrode  (Fig.  U  (e)).  Finally,  Au/Pt/Ti  bonding  pads  were  formed. 
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The  top  view  of  the  fabricated  chip  is  shovm  in  Fig.  5.  The  gate  width  is 
800  um  (200  um  X  fingers)  and  the  source  to  drain  spacing  is  5  iun.  A  SEM 
magnified  photograph  near  the  gate  electrode  is  shown  in  Fig.  6.  The  gate 
length  was  as  short  as  o.T  pm,  which 

enabled  the  successful  operation  at  15  GHz.  I 

The  shape  of  the  recess  was  almost  rec-  I 

tangiilar  and  the  width  of  the  bottom  of  _  I 

the  recess  was  1.2  pm.  The  obtained 
recess  shape  enabled  to  increase  the  drain 
breakdown  voltage  ,  though  a  slight 
increase  of  source  and  drain  resistance 
was  in  trade. 

U.  pc  characteristics 


Figure  T  shows  the  drain  current/voltage 
characteristics  of  the  fabricated  MISFET, 
where  the  horizontal  axis,  vertical  axis 
and  the  gate  voltage  step  are  1  V/div. , 

23  mA/div.  and  1  V,  respectively.  In  the 
figure,  the  left  and  the  right  show  the 
gate  bias  being  applied  >  negative  and 
positive,  respectively.  The  device  showed 
a  drain  saturation  current  (Vj,g=0  V)  of 
100  mA  and  a  transconductance  of  uO  raS. 
Clear  pinch-off  was  observed  with  the  I 
pinch-off  voltage  of  ^^,^=-3.5  V.  By 
positive  biasing  the  gate  to  3  V,  the 
drain  current  increased  to  200  mA. 

Tl'.is  indicates  that  the  current  dynamic 
range  is  larger  than  MESFETs,  which  is 
essential  for  higher  output  power  opera- 


Fig.  5  Top  view  of  the  fabricated 
InP  MISFET. 


Tlie  DC  drain  current  drift  was  measured 
at  room  temperat’ure.  For  the  measure¬ 
ments,  the  gate  bias  was  changed  stepwise 
from  3  V  to  -2  V  or  from  0  V  to  2  V, 
w.hile  tlie  drain  bias  was  kept  constant 
at  3  V.  For  the  former  case,  the  de¬ 
creasing  current  drift  with  a  magnitude 


-  0.5  pm 

Fig.  6  A  SEM  magnified  photograph 
near  the  gate  electrode. 


of  10  %  normalized  with  respect  to 
the  initial  value  was  observed  for 
the  measurement  time  of  30  minutes, 
while  the  increasing  current  drift 
with,  the  magnitude  of  5  ^  was 
observed  for  the  latter  case. 

T!ie  decreasing  or  increasing  current 
drift  directions  with  gate  biasing 
is  inverse  of  that  expected  from 
the  clockwise  hysteresis  loop 
measured  in  the  C-V  curves  (Lile 
and  Taylor  1983).  The  reason  is 
not  clear  at  piresent.  Mobile  ions 
may  play  a  role  in  this  phenomenon 
(Okamura  and  Kobayashi  I98O). 


Fig.  7  Drain  current/voltage  character¬ 
istics  of  InP  MISFET. 


pout  ( dBm) 
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Thouf;h  the  degree  of  the  drain  current  drift  is  larger  than  that  reported 
by  Pande  and  Gutierrez  (I9fl5),  it  seems  to  be  improved  by  controlling  the 
phosphorus  concentration  during  the  deposition. 

5.  Microwave  performance 


Microwave  performance  was  evaluated  on  the  fabricated  InP  MISFETs  at  8  and 
15  GHz.  Chips  were  mounted  and  assembled  in  the  ceramic  packages.  Figure  8 
shows  input-to-output  characteristics  of  the  device  biasing  at  l8  and  0  V 
to  the  drain  and  the  gate,  respectively.  The  linear  gains  of  9-0  and  5.6  dB 
were  obtained  at  8  and  15  GHz,  respectively. 


Fig.  B  rower 
teristlcs  at 


liT  ut-to-output  charac- 
and  15  GKz. 


30 

30 

10 


Drain-voltage  dei-endenoe  of 
power  and  power  added  effi- 
at  15  GHz  for  different  input 


Tile  gain  at  15  IHz  seems  to  be  small 
as  compared  viti.  the  reported  values 
of  GaAs  MECFETs  (Gaito  et  al.  1983). 

Tills  is  because  tiie  gate  finger  in 
tills  device  is  too  long  for 
operation  at  15  GHz  (Kuvas  1980), 
and  iiigher  gains  can  be  expected 
with  further  optimization  in  device 
design.  At  6  GHz,  the  m.aximum 
output  rower  of  1.0  «'  (l..'5  W/ram) 
witi,  gain  o'"  h.2  .iB  was  obtained. 

At  l'^  Gi!z,  the  dependence  of  output 
power  ot.  tiie  drain  voltage  was  also 
measurol  with  gate  biasing  at  0  V. 

The  drain-source  voltage  could  be 
applied  up  to  20  V  with  negligible 
gate  leakage  current,  typical- ■; 

6-8  pA.  Tiie  result  is  shown  in 
Fig.  9j  where  the  power  added  effi¬ 
ciency  is  also  shown.  With  the  increase  of  drain  voltage,  output  power 


Fig.  10  Time  dependence  of  output  power 
and  drain  current  aftei'  the  drain 
voltage  is  switched  on. 


increased.  Output  jower  of  0.8l  W  (1.0  W/mm)  was  obtained  nt  the  drain 
voltage  of  20  V,  with  gain  and  power  added  efficiency  of  U.l  dP  and  f] 
respectively.  The  value  of  1.0  W/ram  at  15  GHz  is,  to  our  knowledge. 
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higher  than  the  best  results  reported  so  far  in  GaAs  MESFETs  (DiLorenzo  and 
Wisseman  1979).  Figure  10  shows  the  gain  and  drain  current  drift  in  the 
RF  measurements,  where  the  drain  voltage  was  applied  stepwise  with  gate 
voltage  being  kept  constant  at  0  V.  No  gain  and  current  drifts  were  observed 
during  10  minutes. 

6.  Summary 

InP  MIS  diodes  and  depletion-type  InP  MISFETs  were  fabricated  and  evaluated 
to  clarify  the  feasibility  for  the  high  frequency  microwave  power  devices. 

It  was  found  from  the  C-V  curves  of  MIS  diodes  that  good  interface  proper¬ 
ties  were  obtained  by  depositing  PSG  film  in  situ  after  etching  InP  surface 
with  HCl.  In  the  deposition  process,  HCl  gas  is  supposed  to  act  as  a 
catalyst  to  increase  the  phosphorus  concentration  in  the  PSG  film.  And 
high  concentration  of  phosphorus  seems  to  lead  to  the  improvements  of  the 
interface  properties.  The  fabricated  InP  MISFETs  with  gate  length  of  C.7  pm 
exhibited  higher  output  power  per  gate  width  than  GaAs  MESFETs  at  15  GKz. 
These  results  show  that  InP  MISFET  is  very  promising  as  a  microwave  power 
device. 
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Correlation  of  undoped,  In-alloyed  and  whole  ingot  annealed  semi 
insulating  GaAs  substrates  for  low  noise  microwave  amplifiers 


II  Kanber  and  D  C  Wang 

Hughes  Aircraft  Company,  Torrance  Research  Center,  Torrance,  CA  90509,  USA 

Abstract .  The  quality  of  LEC  grown  GaAs  substrates  critically  affects 
the  final  low  noise  microwave  device  and  circuit  performance  as  evi¬ 
denced  by  comparing  Si  implanted  undoped,  In-alloyed  and  whole-ingot 
annealed  semi-insulating  substrates.  We  investigated  differences  in  Si 
implant  activation,  electrical  profiles,  and  uniformity  of  material, 
device  and  circuit  parameters.  A  noise  figure  of  2.0  dB  with  associated 
gain  of  24  dB  at  10  GHz  was  achieved  for  a  monolithic  two  stage  low 
noise  amplifier. 

1 .  Introduction 

Direct  ion  implantation  technology  is  being  widely  used  in  GaAs  integrated 
circuit  fabrication.  However,  the  final  device  and  circuit  performance 
still  critically  depend  on  the  characteristics  and  quality  of  liquid  encap¬ 
sulated  Czochralski  (LEC)  grown  GaAs  substrate  materials.  The  role  of 
dislocations  on  both  digital  and  microwave  device  performance  is  also 
actively  being  researched  by  several  laboratories.  Active  material  para¬ 
meters  such  as  implant  activation,  sheet  resistivity  and  saturated  current 
may  have  quite  different  characteristics  depending  on  the  material  growth 
technique.  In  this  paper,  we  study  the  correlation  between  low  noise 
device  and  circuit  performance  and  material  quality  using  undoped,  In- 
alloyed  and  whole-ingot  annealed  semi-insulating  GaAs  substrates. 

2 .  Device  Fabrication 


Four  types  of  semi-insulating  GaAs  substrates  were  selected;  In-alloyed 
high  pressure  LEC,  undoped  standard  low  pressure  LEC,  undoped  standard 
high  pressure  LEC  and  whole-ingot  annealed  high  pressure  LEC.  The  sub¬ 
strates  were  obtained  commercially  from  different  manufacturers  and  were 
2-inch  diameter  crystals  grown  by  the  B2O3  encapsulated  high  or  low  pres¬ 
sure  LEC  technique  in  pBN  crucibles.  The  KOH  defined  average  etch  pit 
densities  in  the  In-alloyed,  standard  high  pressure,  standard  low  pressure 
and  the  annealed  high-pressure  were  420,  3.5  x  10^,  1.7  x  10^  and  5.8  x 
10^  cm”^  respectively.  The  In  content  of  the  In-alloyed  wafers  was  deter¬ 
mined  to  be  7.8  X  10^^  cm“^  by  the  manufacturer.  The  as-grown  resistivi¬ 
ties  of  the  above  sequence  of  wafers  were  1.6  x  10^,  2.1  x  )0^,  3.0  x  10^ 
and  4.6  x  10^  ohm-cm  respectively.  After  thermal  conversion  testing,  the 
resistivity  of  the  standard  high-pressure  substrates  increased  to  2.7  x 
10^  ohm-cm,  that  of  the  standard  low-pressure  substrates  increased  to  2.0 
X  10®  ohm-cm,  and  that  of  the  annealed  high  pressure  substrates  decreased 
to  3.5  X  10^  ohm-cm.  The  implant  and  anneal  parameters  were  chosen  to 
fabricate  the  active  channel  layer  in  low  noise  GaAs  monolithic  microwave 
integrated  circuits  (MMICs).  The  substrates  were  implanted  with  100  keV 
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28si  ions  at  a  dose  of  5  to  6  x  10^^  and  capless  annealed  in  a 

U2“AsH3  atmosphere  for  850*^C/30  minutes.  The  sheet  resistivity  of  these 
blanket  implants  was  measured  by  a  Tencor  surface  eddy  current  measurement 
gauge.  The  differential  capacitance-voltage  profiles  were  measured  by  the 
Miller  feedback  technique. 

The  MMIC  fabrication  procedure  includes  formation  of  tlie  FET  channel  layer, 
device  isolation,  fabrication  of  ohmic  contacts,  Schottky  gates,  overlay 
metallization  of  the  circuitry,  MOM  overlay  capacitors,  device  passivation, 
airbridge  interconnects,  wafer  thinning,  via  hole  etching,  and  back  metal¬ 
lization.  Substrate  related  effects  are  monitored  by  using  standard  pro¬ 
cess  control  monitoring  techniques  such  as  C-V  profiles,  IgAT  current, 
sheet  resistivity  and  FET  characteristic  measurements.  An  optical  contact 
lithography  process  is  used  to  produce  high  yield  0.5  nm  gates  with  high 
throughput  (Wang).  S-parameter  characterizat ion  of  the  devices  was  carried 
out  on  an  automatic  network  analyzer  (ANA)  over  the  2-18  GHz  frequency 
range  to  evaluate  the  effect  of  critical  parameters  in  an  equivalent  cir¬ 
cuit  model  in  which  the  circuit  elements  are  related  to  the  physical  device 
structure. 

3 •  Performance  Results 

Material  characteristics  of  the  active  channel  in  the  four  different  types 
are  summarized  in  Table  I.  By  using  ion-implant  and  capless  anneal  tech¬ 
niques,  good  activiation  of  the  Si  implant  and  abruptness  of  the  doping 
profile  were  achieved.  The  peakoloctrou  coiu-oni  r.Jt  ion  was  about  2.6  to 
2.9  X  10^^  cm“3  at  a  depth  of  0.09  txm.  The  C-V  profiles  Cor  the  whole- 
ingot  annealed,  the  undoped  high  pressure  and  the  In-alloyed  high  pressure 
LEC  are  compared  in  Fig.  I  and  show  transition  widths  .^d  of  670,  770,  and 
800  8,  respectively  when  the  concentration  drops  from  1  x  10^^  to  1  x 
10^^  cm~^.  Higher  implant  activation  of  the  whole  ingot  annealed  wafer 
compared  to  the  In-alloyed  wafer  is  also 
indicated  in  Fig.  1.  The  importance  of  the 
transition  width  will  be  discussed  later 
with  device  performance. 

A  high  yield  MMIC  fabrication  process  neces¬ 
sitates  uniform  channel  and  FET  characteris¬ 
tics.  For  microwave  applications,  the  uni¬ 
formity  of  the  gateless  saturation  current 
Isat  monitored  to  reflect  substrate  mate¬ 
rial  quality.  By  testing  whole  two-inch 
wafers  using  ISO  data  points  on  a  15  by 
200  ^m  gateless  channel,  we  obtained  global 
Isat  uniformities  of  2.5,  3.1,  4.4  and 
4.8  percent  for  whole-ingot  annealed,  stan¬ 
dard  high  pressure.  In-alloyed  high  pressure 
and  standard  low  pressure  wafers.  Fig.  2 
shows  the  wafer  map  of  the  whole-ingot 
annealed  wafer.  The  density  of  dislocations 
do  not  seem  to  affect  the  macroscopic  and 
microscopic  uniformity  of  IgAT 
implant  parameters  used  in  MMIC  fabrication. 

Whole  ingot  annealing  has  been  shown  by 
several  rcsearcliers  including  Dobrilla  et 
al,  Ogawa,  Otoki  et  al,  Lohnert  et  al  to 
homogenize  substrate  properties  such  as  tlie 
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Fig.  1 


Electrical  C-V 
prof i les  of 
100  keV  Si 
implanted  GaAs 
LEC  substrates. 
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£L2  distribution^  stress^ 
substrate  resistivity, 
extrinsic  photoconduc¬ 
tivity,  and  photolumi- 
nescence  intensity  dis¬ 
tribution  of  the  carbon 
acceptor  envelope.  A 
decrease  in  the  deep 
levels  other  than  EL2 
has  also  been  observed. 
The  improved  uniformity 
of  LEG  substrate  proper¬ 
ties  is  reflected  by  the 
above  IsAT  uniformity  of 
whole-ingot  annealed 
wafers.  As  seen  in 
Table  I,  FET  saturation 
current  uniformity  of 
1.1  percent  has  been 
achieved  on  the  annealed 
high  pressure  substrate 
of  lot  MH697.  The 
devices  in  our  low  noise 
amplifier  are  standard 
0.5  X  300  pm  low  noise 
GaAs  MESFETs  whose 

structure  is  shown  in  Fig.  3  and  consist  of  four  75  pm  gate  fingers.  The 
individual  FET  dc  characteristics  are  summarized  in  Table  11  and  show 
excellent  FET  IqsS  uniformity  for  ion  implanted  channels.  The  ratio  of 
the  transconductance  to  the  pinch-off  voltage,  gm/Vp*  shows  superior  dc 
performance  for  the  standard  high  pressure  and  the  annealed  high  pressure 
substrates . 

The  low  noise  device  performance  from  the  four  types  of  GaAs  substrates  is 
summarized  in  Table  III  where  the  average  noise  figure  and  associated  gain 
is  obtained  from  8  measured  FETs  for  each  wafer.  The  best  RF  performance 
results  are  indicated  in  parentheses  under  the  average  numbers.  The  best 
noise  figure  of  1.33  dB  with  an  associated  gain  of  9.20  dB  at  10  GHz  was 
measured  on  the  whole-ingot  annealed  high  pressure  LEG  wafer.  The  highest 


Fig.  2  IgAT  uniformity  map  of  whole  ingot 
annealed  LEG  substrate. 


TABLE  I 

ACTIVE  MATERIAL  CHARACTERIZATION 


Lot  # 

Descriptions 

2 

1  Parameters 

0  (ri/u) 

s 

MH694 

In-AHoyed 

Hi-Pressure 

Si'^,  100  KeV 
6E12  cm“2 

473+8  {1.7%) 

44.7+1.9  (4.2%) 

MH  695 

Standard 

Hi-Pressure 

Si+,  100  KeV 
6E12  cra-2 

469+8  (1.7%) 

46.3+0.9  (2.0%) 

MH696 

Standard 

Low-Pressure 

Si*,  100  KeV 
5E12  cm”2 

443+6  (1.4%) 

50.5+1.3  (2.6%) 

MH697 

Annealed 

Hi-Pressure 

Si*,  100  KeV 
5E12  cm-2 

456+5  (1.1%) 

46.0+0.5  (1.1%) 
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gain  of  tO.46  dB  was 
measured  on  the  stan¬ 
dard  undoped  high 
pressure  LEG  wafer. 

The  final  low  noise 
monolithic  amplifier 
consists  of  two  0.3  nm 
gate  FETs  with  300  nm 
gate  width,  five  10  pF 
overlay  capacitors, 
microstrip  lines  and 
via  holes  to  ground. 

The  chip  size  is  1.9  x 
2.0  mm.  RF  performance 
of  20  low  noise  ampli¬ 
fier  chips  selected 
from  the  four  types  of 
wafers  is  illustrated 
in  Table  IV.  The  noise 
figure  is  measured  without  tuning  and  with  a  bias  condition  of  Vj)  * 

3.0  volts  and  *  24  tnA.  The  noise  figure  is  less  than  3.0  dB  and  the 
associated  gain  is  more  than  20  dB  across  the  frequency  band  from  9  to 
10  GHz.  A  best  noise  figure  of  2.0  dB  with  an  associated  gain  of  24  dB 
has  been  measured  at  9.3  GHz  on  standard  high  pressure  undoped  LEG  material 

Equivalent  circuit  elements  have  been  evaluated  from  S-parameters  to  iden¬ 
tify  the  critical  material  parameters  necessary  to  achieve  the  low  noise 
results  reported  here.  The  equivalent  circuit  model  used  in  this  work  has 
been  described  previouiily  by  Feng  et  al.  The  calculated  equivalent  ele¬ 
ments  are  summarized  in  Table  V.  The  ratio  gm/^gs  is  a  figure  of  merit 
which  can  be  used  to  predict  the  noise  figure  and  f^  as  described  by  Fukui. 
Maximizing  the  ratio  gm/^gs  minimize  the  noise  figure  and  maximize 

fX.  Both  the  In-alloyed  and  the  standard  low  pressure  material  lots  have 
gn,/Cgs  ratios  that  are  23-24  percent  lower  than  the  standard  high  pressure 
and  the  whole-ingot  annealed  high  pressure  material.  The  highest  ratio  is 
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Fig.  3  0.3  /im  gate  length  by  300  um  gate  width 

low  noise  FET. 


TABLE  II 

FET  DC  CHARACTERISTICS 


FET 

Lot  # 

Descriptions 

gn,(mS) 

Vp(V) 

gJVp(mS/V) 

MH694 

In-Al loyed 
Hi-Pressure 

15+1.9 

9. 3+0. 3 

1 .8+0.3 

5.17 

Mn695 

Standard 

Hi-Pressure 

12+1.5 

9.4+0. 8 

1  .4+0.1 

6.71 

MH696 

Standard 

Low-Pressure 

13+1.3 

9. 1+0.3 

1 . 7 +0 . 2 

5.35 

MH697 

Annealed 

Hi-Pressure 

11+0.9 

8. 4+0. 4 

1.3+0.03 

6.46 
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TABLE  III 

LOW  NOISE  FET  RESULTS  FROM  DIFFERENT  CaAs  MATERIALS  AT  10  GHz 


Type  of  GaAs 
Materials 

Noise  Figure* 
(dB) 

Associated* 

Gain 

(dB) 

Rating 

N.F. 

Gain 

Hi-Pressure  LEG 
Undoped  Standard 

1 .49  +  0.06 
(1.41) 

10.13  +  0.24 
(10.46) 

2 

1 

Hi“Pressure  LEG 
Undoped  Annealed 

00 

o 

8.83  ♦  0.28 
(9.20) 

1 

3 

Low-Pressure  LEG 
Undoped 

1.68  +  0.05 
(1.62) 

8.60  +  0.26 
(8.97) 

4 

4 

lli-Pressure  LEG 
In-Alloyed 

1.63  +  0.09 
(1.50) 

9.24  ♦  0.29 
(9.68) 

3 

2 

♦  Average  from  8  measured  data 
()  Indicates  the  best  results 


calculated  Cor  the  whole-ingot  annealed  material  and  confirmed  by  the 
measured  lowest  noise  figure  as  shown  in  Table  III.  The  material  charac¬ 
teristics  of  the  sliarpest  transition  width  and  highest  activation  and  the 
measured  FET  dc  characteristics  of  largest  gi^/Vp  ratio  can  also  be  corre¬ 
lated  to  the  best  measured  low  noise  figure  for  whole-ingot  annealed  LEG 
substrates. 

5.  Conclusion 


A  higli  performance  X-band  monolitliic  low  noise  amplifier  with  low  cost 
ion  implanted  MESFET  technology  has  been  demonstrated.  We  have  compared 
In-alloyed  high  pressure,  standard  undoped  low  pressure,  standard  undoped 
high  pressure  and  whole-ingot  annealed  substrates  and  correlated  ion 
implanted  material  characteristics  to  FET  dc  and  RF  performance.  An  excel¬ 
lent  noise  figure  of  2.0  dB  with  an  associated  gain  of  24  dB  was  achieved 


TABLE  IV 


X-BAND  TWO-STAGE  LNA  PERFORMANCE 


- 1 

Lot  il 

N.F.  (dB) 

G^  (dB)  9  9.5  GHz 

Bias  Conditions 

MH694 
{ In-Alloy) 

2.4  -  2.8 

23  -  24 

Vd  =  3.0  V 

IgS  ”  24  mA 

Vq  =  -1.1  to  -1.2  V 

MH695  H  ,, 
(STD.)  Procure 

2.0  -  2.2 

24  -  25 

Vg  =  -1.0  to  -1.05 

MH696 

( Low-Pressure) 

2.3  -  2.5 

23  -  24 

Vc  -  -1.1  to  -  1.2 

MH697 

(Annealed) 

2.2  -  2.5 

23  -  24 

Vg  -  -0.9  to  -0.95 
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TABLE  V 

CALCULATED  EQUIVALENT  CIRCUIT  ELEMENTS 


Device  Lot 

MH694 

MH695 

MH696 

MU697 

gm(niS) 

22.7 

28.3 

23.3 

29.6 

Gd  (mu) 

2.89 

3.82 

3.42 

4.18 

Cgd  (pF) 

0.024 

0.021 

0.024 

0.023 

Cgs  (pF) 

0.26 

0.25 

0.27 

0.26 

Cc  (pF) 

0.069 

0.091 

0.092 

0.102 

Ri  (i-i) 

0.85 

0.75 

0.77 

0.82 

Rs  (j2) 

1.79 

1.58 

1.17 

1.80 

Rg  (i)) 

3.22 

2.59 

3.46 

2.59 

8m/ Cgs 

87.3 

113.2 

86.3 

113.8 

for  a  monolithic  two  stage  low  noise  amplifier.  In  this  study,  both  stan¬ 
dard  and  whole-ingot  annealed  high  pressure  substrates  show  superior  uni¬ 
formity  and  dc  and  RF  performance  for  microwave  applications. 
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Abstract 

Full  operation  and  high  fabrication  yield  of  GaAs  SRAM's  with  nano¬ 
second  access  time  requires  accurate  statistical  simulations  including 
tne  variations  of  the  material  and  process  parameters.  The  theoretical 
fabrication  yield  can  oe  deduced  from  the  stability  conditioh  of  a 
memory  cell,  the  local  distribution  (over  1  mni2 )  of  the  threshold 
voltages  of  FET's  and  tne  distribution  function  over  the  whole  wafer 
of  the  local  iiiean  threshold  voltage.  The  maximum  simulated  yield  for 
64  Bit  and  1Kbit  SRAM's  for  both  conventional  and  dislocation  free 
substrates  is  discussed  theoretically  and  experimentally.  Correlation 
between  the  fabrication  yield  measured  on  full  operating  0.7  ns  64  bit 
and  1.4  ns  1Kbit  SRAM's  and  the  mean  Vj  over  the  whole  wafer  is  pre¬ 
sented. 


1.  Introduction 


In  recent  years  the  ultra  high  speed  digital  LSI's  for  super  computers  has 
attracted  a  great  deal  of  attention.  Many  GaAs  LSI's,  including  botn  logic 
devices  and  memories  have  been  reported  (N.  YoKoyama),  (F.S.  Lee), 
(Y.  Ixawa),  (M.  Hirayama).  In  order  to  achieve  an  high  faorication  yield 
for  such  LSI  devices,  high  quality  GaAs  substrates  are  required.  The 
purpose  of  tnis  paper  is  to  evaluate  for  several  kinds  of  lEC  substrates, 
the  theoretical  maximum  fabrication  yield  of  64  bit  and  1Kbit  SRAM's 
deduced  from  the  microscopic  and  macroscopic  distributions  of  the  threshold 
voltages  of  FET's  grouped  in  dense  row  patterns. 


2.  Yield  analysis 

Full  operation  and  high  fabrication  yield  of  GaAs  SRAM's  with  nanosecond 
access  time  using  the  DCFL  approach  requires  accurate  statistical  simu¬ 
lations  including  the  non-uniformities  of  the  material  and  the  process 
parameters.  A  first  analysis  of  all  the  parameters  shows  that  the  tran¬ 
sistor  threshold  voltage  Vj  is  the  main  parameter  to  be  considered. 

The  most  sensitive  part  of  a  SRAM  is  the  memory  cell  array. 

♦This  work  is  supported  by  ESPRIT  contract. 
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The  memory  cell  stability  has  been  considered  to  be  one  of  the  main 
electrical  features  Influencing  the  fabrication  yield.  A  more  detailed 
analysis  would  also  have  to  Include  the  Interaction  between  memory  cells. 
The  memory  cell  (figure  1)  consists  of  two  100  KXl  resistors,  two  access 
FET's  and  two  driver  FET's,  with  3  pm  and  9  pm  gate  width  respectively. 


a  memory  cell 

Computer  simulations  show  that  cell  stability  in  tne  read  mode  is  lower 
than  In  the  write  mode,  and  depends  on  three  parameters  :  a)  the  ratio 
between  the  gate  width  of  driver  transistor  to  access  transistor  ;  the 
greater  the  ratio,  the  higher  the  cell  stability,  b)  the  high  level  of  the 
word-line  voltage,  which  must  oe  lower  than  .7  Volt,  c)  the  threshold 
voltage  difference  between  the  two-cross  coupled  driver  FET’s  of  the  memory 
cell.  The  first  two  parameters  can  be  optimized  and  fixed  at  an  optimum 
value.  The  last  parameter  is  Vt  dependent,  Vt  being  a  function  of  the 
electrical  uniformity  of  the  active  layer  and  of  the  variations  of  tne 
process  parameters.  In  order  that  the  memory  cell  does  not  lose  its  data 
during  the  read  mode,  the  maximum  allowable  difference  of  tnreshold 
voltages  A  V7  (V7)  between  the  drivers  Is  deduced  from  transient 
computer  simulation  on  a  worst  case  unbalanced  memory  cell  (figure  2).  A 
maximum  AVj  of  90  mV  corresponds  to  Vj's  between  150  mV  and  250  mV. 
However  to  ensure  a  significant  differential  voltage  on  the  bit  lines,  or  a 
CML  compatibility  output  signal,  tne  threshold  voltage  of  peripneral 
circuits  has  to  be  less  than  170  mV. 

The  fabrication  yield  "r"  Is  expressed  as  follows  :  r  =  rj  x  r2  x  r3 
where  : 

=  corresponds  to  the  electrical  non -uniformity  of  the  active  layer, 
rg  =  corresponds  to  the  electrical  and  geometrical  non-unlformltles 
of  the  process, 

rj  s  where  s  Is  the  chip  area  and  A  the  density  of  fatal 

defects . 

The  yield  ri  of  a  SRAM  which  is  design  dependent,  should  t^e  equal  to  1. 
Theoretical  calculations,  presented  In  section  5,  shows  that  ri  is  smaller 
than  1  for  a  1<  SRAM,  processed  on  GaAs  material,  and  so  gives  a  limit  for 
the  maximum  fabrication  yield.  Consequently,  for  a  given  design  and 
material  there  Is  a  mean  value  for  the  Vy  over  the  wafer  which  gives  the 
maximum  value  for  rj. 
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3.  Hw>aei>e1ty  qualification  of  GaAs  substrates 


To  evaluate  30  (iaAs  wafers  from  various  Ingots  have  been  processed. 
Some  of  the  substrates  considered  are  standard  dislocated  LEC 
semi -insulating  substrates,  others  are  In  doped  substrates  in  order  to 
reduce  the  dislocation  density. 


The  original  pattern  (figure  3)  is  a  Tl  fi  j|  m  ;;  i.  T 

very  dense  row  of  30  micro-FET's  1  ■:  1  1 

(J.  Maluenda),  (Lq  =  2  pm  ;  W  =  5 
urn  ;  drain-source  spacing  =  6  pm  ; 
distance  between  two  FET’s  =  5  pm).  A 
2  pm  long  gate  which  is  common  to  the 
30  FET's,  has  been  used  in  order  to 
minimize  the  effect  of  gate  length 

variation  on  the  threshold  voltage  of  - -  ^  - -  ' - 

the  FET's. 

Figure  3  : 

Schematic  of  a  part  of  the  dense 
row  of  30  micro-FET's 

The  test  procedure  is  performed  on  250  dense  rows  pattern  (DRP)  of  30 
FET's  distributed  over  a  wafer. 

For  each  dense  row,  Vj  of  each  FET  was  measured  and  and 

Vj  are  calculated.  Tnese  values  snow  the  microscopic  distribution  of 
Vf  over  the  dense  row  pattern. 

The  Vj  variation  over  the  whole  wafer  is  assessed  by  the  overall 
mean  value  <Vt>  over  the  250  dense  rows  on  a  wafer,  and  the  standard 
deviation  _ 

Tne  standard  deviation  O'i'ij)  shows  the  macroscopic  distribution  from 
DRP  to  DRP.  Standard  GaAs,  In  doped,  then  standard  annealed.  In  annealed 
have  been  considered.  The  following  table  shows  the  typical  values 
obtained  for  several  materials  on  all  the  processed  wafers. 

Microscopic  (mV)  ^ocroscopic  (mV)j 


Microscopic  (mV)  |M 
ir(V,)min  I  WZ  'tir(V,;)| 


Table  1 


Standard 

(worst) 

(b«st) 

- r 

Standord  1 
onneoied 


•n  doped  j  I 

(typical)  1 1  [  30  17!  50 

,  (best)  I  B  I  15  8  j  40 

I - 1 -  - - ^ - - 

I  in  anneoied  ,  1 

whsEg_:  (typicoi)  ;  a  |  20  ’j  ;  -to 

£r(Vj)  is  the  mean  value  of  <r(VT)  for  the  250  DRP's  over  a  wafer, 

O'i&i'ij))  is  the  standard  deviation  of  CTIVt). 

The  superiority  of  the  In  doped  GaAs  with  low  dislocation  density  over  the 
standard  GaAs  is  clearly  demonstrated.  The  standard  deviation  of  V| 
inside  the  dense  rows  is  remarkably  improved.  The  average  standard 
deviation  inside  one  dense  row  is  between  40  and  100  mV  for  a  standard 
material  and  decrease  below  20  mV  for  In  doped  GaAs.  Post  growth  annealing 
seems  to  improve  tne  homogeneity  of  both  materials. 

The  standard  deviation  at  the  macroscopic  scale  is  always  superior  to  the 
microscopic  one  and  seems  to  be  limited  by  the  technological  process. 
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4.  Yield  calculation 


The  theoretical  faorication  yield  for  a  given  wafer  can  be  deduced  from 
the  stability  condition  of  a  mem^y  cell  and  from  the  distribution 

functions  of  £7'(Vj),  Vj  and  Vj-  Each  DRP  is  assumed  to  be 

repesentative_of  the  Vj  variation  over  an_area  of  1  mn?.  The  distribution 
funsiion  hlVj)  is  centered  around  Vf  with  a  standard  deviation 
(r(Vx).The  3  distribution  functions  f  JjrCVx)),  g  (Vjlf  h  (Vt)  are 

assumed  to  be  independant  g  (Vj)  and  n  (Vt)  are  gaussian,  f(  O'  (Vt)) 

is  assumed  to  be  maxwe11ian.  The  probaoility  of  the  memory  cell  to  be 

operational  is  given  oy  ; 


'v,.v^^,av,(Vt,) 


V,=  v,^-av,(VT,) 


0'*(v,)2ir 


.(Vt-Vt)*  (Vt.  -Vt)^ 
4  z<r*(v,)^g  2  0- ‘(VO 


z 

(1) 


where  V^Vt  (Vj^)  is  deduced  from  figure  2.  Thus  rj  is  expressed  as  ; 
,v;»..  (Vt-<V.>)^  tr^(vr) 

dirK).dv;  (2) 


Where  /T.nax  =  170  mV.  N  =  numoer  of  memory  cell. 

A  =  TT  .  [itTvt)]  2  •  <T(Vt) 

The  optimum  <Vt>  which  gives  tne  highest  yield  can  be  deduced  by 
plotting  equation  (2)  (see  figures  4  and  5). 


5.  Theoretical  results 

5.1.  -  64  bit  SRAM's  _ 

The  figure  4  shows  tne  yield  rj  for  a  64  oit  SRAM  versus  <  Vt>  for  3 
different  processed  material  ;  a)  an  typical  indium  doped,  b)  an  typical 
indium  annealed,  c)  tne  best  indium  doped. 


1 

'.1 

.  urvAi  In  omm 

W  R.t  MkH 

64  Bit  SRAM 

Mox:rn*wm  Yi«id  ’■1  (%) 

iTriAl  h  AmtAlKI 

■  Stonaora 

IS 

„  WM  Winn  .  - 

\ 

i  (worst) 

^  (Ssst) 

.A 

9.4 

./  \ 

V 

j  Stondaro 

\ 

\ 

!  anntoitd 

28.A 

i 

IS 

\  \ 

n  dOD«d 

’  (tyoicoO 

1  (best) 

T9 

■^0 

n  onntai«e 

m  1  m 

c 

'  V,  ^  (.VI 

Ityoieci) 

47 

Figure  4  Table  2 


Tne  table  2  shows  the  theoretical  maximum  yield  rj  at  the  64  bit  level 
calculated  on  six  different  materials. 
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5.2.  -  1  KBit  SRAM's 

The  figure  5  snows  the  yield  ri  for  a  1  <Bit  SRAM’s  versus  <Vt>  for 
the  sane  processed  material  as  for  the  64  Bit. 


The  maximum  yield  ri  is  obtained  wi 
by  a  factor  of  2  of  O'iVj)  and 
material,  enables  an  improvement  rj 
theoretical  maximum  yield  calculated 


mSit  SRAM 

Moximum  Yl«ld  ri  (%) 

Stondord 

(worst) 

.2 

3.8 

Stondord 

onnooiod 

13.A 

in  dopod 
(typical) 

8 

(bMt) 

43 

In  annodlsd 
(typieol) 

_ ?! _ 

Table  3 


th  80  my^<VT><100  mV  ;  a  reduction 
rfO'l'ilj))  on  the  indium  doped 
by  a  factor  of  3.7.  Table  3  shows  the 
for  six  different  materials. 


6.  Experl nental  results 


6.1.  Device  fabrication 

A  64  Bit  and  a  1  Kbit  SRAM  (Figure  6)  have  been  fabricated  using  N-OFF 
E/R  aligned  gate  FET  technology,  on  In  doped  low  dislocations  substrate. 
The  main  technological  features  of  the  1KBit  are  summarized  in  the  table  4. 


]  Moin  Charocteristics  of  the  1 K  SRAM's  ! 

1 - 1 

j  Got*  longth 

j  .7  pm/l  (jm  memory  cell  > 

:  Uno/fpoco  1st  Levs! 

'  2  umy'3  pn^  1 

1  2nd  Lsvsl 

3  pm/  3pm  j 

i 

2  pm  X  2  pm  j 

0r9oni2d^wi 

1024  X  1  Bit  i 

1  Colt  sizs 

43  pm  X  43  pm 

{  Chip  «iz« 

2.5  mm  x  2.5  mm  1 

1  Supply  voftoqs 

+  1.5  V  '.5  V  ■ 

'  Access  time  1 

\ 

1 .4  ns  (S>est) 

Flgere  6 


Table  4 


6.2.  Experinental  yield 

The  table  5  and  the  figure  7  show  the  correlation  between  the 
theoretical  maximum  fabrication  yield  r^  and  the  experimental  yield  on  64 
Bit  and  1KBit  SRAM  processed  on  typical  indium  doped  low  dislocations 
substrate. 

*Yni  is  the  percentage  on  the  wafer  of  fully  functional  SRAM's  in  a  marching 
test  (10  MHz)  for  the  64  Bit  and  in  a  reduced  marching  test  (10  IWz)  ^r 
the  1  KBit.  Batch  4  corresponds  to  an  indium  doped  wafer  with  a  dr(VT) 
and  a  equal  to  35  mV  and  13  mV  respectively. 
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64  Bit  SRAM 

-■i 

V  * 

’in 

Batch  1 

56 

16. a  t 

7.7  % 

Batcn  2 

90 

19  1 

10.6  % 

Batcn  3 

115 

18  t 

9.6  t 

Batch  4 

63 

56  % 

37  1 

1  <Dit  SRAM 

Vt 

V 

Batch  5 

92 

a  i 

5  t 

Table  5 


cii 
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Mm 


•  hi  Bit  IhrorpUjI 
o  Bit 

A  VBil  Ihfwrl^al 
A  KRil  mr^surpit 


M  tl  N  W  M  t» 

Figure  7 


Tn^  figure  7  shows  that  the  dependence  of  the  measured  yield  versus 
<Vj>  is  in  good  agreement  witn  tne  theoretical  results.  Nevertheless, 
the  difference  oetween  tne  two  curves  are  due  to  the  r2  and  rg 
parameters.  The  difference  between  the  yield  of  the  batches  1,  2,  3,  4  and 
the  batch  5  has  been  achieved  by  reducing  the  density  of  particle 
contamination  induced  during  the  process. 


7.  Conclusion 

As  a  general  conclusion,  ORP  procedure  provides  a  correct  assessment  tool 
for  yield  analysis  on  SRAM's.  Today  tne  first  limitation  is  still  due  to 
the  process,  but  we  have  seen  that  a  limitation  already  exists  with  the 
material  which  gives  a  maximum  theoretical  yield.  In  order  to  achieve  an 
ultimate  yield,  the  best  uniformity  at  tne  microscopic  level  is  definitely 
required  or  new  design  tricks  have  to  be  developed. 
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High  performance  inverted  HEMT  and  its  application  to  LSI 


S.Nishi,  T.Saito*  S.Seki,  Y.Sano,  H.Inomata,  T.Itoh,  M.Akiyama  and 
K .Kaminishi 

Research  Laboratory,  Oki  Electric  Industry  Co.,  Ltd. 

550-5,  Higashiasakawa ,  Hachioji,  Tokyo  193,  Japan 

Abstract  The  growth  condition  of  MBE  and  processing  technique  for 
inverted  HEMT  were  studied.  A  high  electron  mobility  1 1 .  IxlO^cm'^/Vs  ) , 
a  high  transconductance  and  a  K-value  (gin=400mS/mm  K=480mA/V^mm  at  R.T. 
and  gm=550mS/inm  K=860mA/V^mm  at  77K)  were  obtained.  The  minimum  ring- 
oscillator  propagation  delay  of  19.7ps  was  obtained  at  H.T.  with  the 
gate  length  of  0.5jjm.  A  fully  operational  6x6  parallel  multiplier  was 
fabricat-'..  on  a  IK  gate  array  using  the  inverted  HEMTs  with  a  gate 
length  ol'  Multiply  times  of  enslO."^)  and  5.1ns(lW)  were 

measured  at  R.T.  and  77K,  respectively. 

1 .  Introduction 

The  selectively  eloped  GaAs/N-AlGaAs  single  heterostructures  was  widely 
used  for  high  speed  devices  (Kobayashi  et  al.  1985,  Watanabe  et  al.  1986, 
Kinoshita  et  al.  1985).  A  high  transconductance  (Inomata  et  a).  3986)  arid 
an  extremely  short  propagation  delay  time  (Shah  el  al.  1986)  were  reported 
by  this  time.  But  these  reports  were  using  the  heterostructure  of  a 
ternary  on  top  of  a  binary  (conventional  HEMT)  because  of  the  difficulty 
in  the  growth  of  inverted  heterostructure  (binary  on  top  of  ternary) 
(Morkoc  et  al.  1982a, b).  In  the  conventional  HEMT,  as  the  sheet 
resistance  of  2  dimensional  electron  gas(2-DEG)  is  rather  high,  some 
processing  techniques  are  required  for  the  reduction  of  the  source 
resistance  to  improve  the  FET  performance  at  H.T.  On  the  other  hand,  in 
the  inverted  heterostructure,  the  source  resistance  can  be  easily  lowered 
at  R.T.  by  the  top  n'^'GaAs  layer  and  recessed  gate  process.  Then  a  high 
performance  is  expected  at  room  temperature  in  an  inverted  HEMT, 

In  this  report,  we  demonstrate  the  growth  condition  of  MBE  and  the 
processing  technique  for  inverted  HEMT.  A  high  electron  mobility  was 
obtained  in  the  inverted  heterostructure.  The  optimum  layer  structure  was 
studied  and  an  inverted  HEMT  with  high  performance  was  fabricated.  A  IK 
gate  array  was  successfully  fabricated  using  the  invertCv*  HEMTs  with  the 
gate  length  of 

2 •  Crystal  Growth 

The  inverted  het.erostructures  were  grown  by  conventional  IIl-V  MBE  system. 
The  growth  rate  wa.s  about  O.bjjm/h.  A  2-inch  HB  semi-insulating  GaAs  was 
used  as  a  substrate.  After  chemical  etching,  a  substrate  was  immediately 
fixed  to  a  substrate  holder  by  In  solder.  A  direct  heating  system 
without  In  solder  was  also  used.  Schematic  cross  section  of  an  inverted 
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Fig.l  Schematic  cross-section 
of  inverted  HEMT. 
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Fig. 2  Dependence  of  2-DEG  mobility  at  77K 
on  substrate  temperature. 


HEMT  is  shown  in  Fig.l.  An  epitaxial  layer  consists  of  undoped  GaAs  and 
AIGaAs  with  both  thicknesses  of  lOOoS,  n-AlGaAs  ( I . lx 10^®cm"^ , 80A ) .  AIGaAs 
separation  layer  (4oi),  undoped  GaAs  (200A  or  40oA).  n-GaAs  ( bxlO^'^cm"^ ) 
and  n'^-GaAs  (  4x  10^®cm”^  ,  400^) .  With  this  structure,  the  maximum  carrier 
concentration  of  2-DEG  is  SxlO^^cm"^. 


To  fabricate  a  high  performance  inverted  HEMT,  it  is  important  to  grow  a 
heterostructure  with  2-DEG  of  high  electron  mobility.  We  studied  the 
substrate  temperature  dependence  of  the  mobility  of  2-DEG  at  the  inverted 
hetero-interface.  In  Fig. 2,  mobility  of  2-DEC  at  77K  is  shown  as  a 
function  of  a  substrate  temperature.  In  the  experiment,  the  substrate 
temperature  was  monitored  by  a  thermocouple  behind  a  Mo  substrate  holder. 
The  thickness  of  an  AIGaAs  separation  layer  was  fixed  to  be  60^.  To 
suppress  both  a  depletion  of  2-DEG  by  surface  potential  and  a  parallel 
conduction  in  n-GaAs,  thick  undoped  GaAs  channel  layer  of  2000a  with  thin 
top  n-GaAs  layer  was  grown  on  AIGaAs  layer.  The  electron  mobility  was 
measured  by  van  der  Pauw  method.  The  electron  mobility  increased  gradually 
with  decreasing  the  substrate  temperature  and  it  decreased  rapidly  with  the 
substrate  temperature  below  SOO'^C.  The  sheet  carrier  concentrations  of  2- 
DEG  were  ranging  between  bxlO^^cm"^  and  l.bxlO^^cm"^  above  500 and 
decreaseu  to  about  2xl0^^cm"^  below  500*^C.  The  decrements  of  mobility  and 
sheet  carrier  concentration  below  500‘'C  were  due  to  the  increase  of  the 
deep  level  concentration  in  the  grown  layer.  The  higher  mobilities  at 
fairly  low  substrate  temperatures  may  be  due  to  the  improvement  of  AIGaAs 
surface  morphology  and  the  reduction  of  surface  segregation  of  doped  Si. 

The  maximum  mobility  of  1.1x10^  cm^/Vs  at  77K  was  obtained  with  a  sheet 
carrier  concentration  of  3.5xl0^^cm"^  when  the  separation  layer  thickness 
was  increased  to  25oS.  As  the  sheet  carrier  concentrations  were  extremely 
low  at  low  substrate  temperatures  and  a  control  of  substrate  temperature  is 
rather  difficult,  a  little  high  substrate  temperature  (600-650  C)  was  used 
for  inverted  HEMT.  Tn  this  temperature  range,  a  sufficiently  high  electron 
mobility  was  obtained  at  H . T . (^6000cm^/Vs ) . 

For  the  inverted  HEMT,  the  thickness  of  n-AlGaAs  must  be  chosen  to  the 
proper  value  because  the  thicker  n-AlGaAs  causes  a  parallel  conduction  to  a 
channel  and  degrades  a  FET  performance.  Fig. 3  shows  the  relation  between 
the  sheet  carrier  concentration  and  the  thickness  of  n-Al(iaAs, 
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N  =1.1  «10'®cin^ 
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Fig. 3  Relation  between  Ns  and 
thickness  of  n-AlGaAs. 


F'ig.4  Process  flow 

of  inverted  HEMT. 


The  thickness  of  AlGaAs  separation  layer  was  40A.  The  sheet  carrier 
concentration  increased  to  SxlO^^cm"^  with  increasing  the  thickness  of  n- 
AlGaAs  to  80A.  Above  the  thickness  of  80A,  the  sheet  carrier  concentration 
saturated  to  the  same  value  at  77K,  indicating  the  parallel  conduction  at 
H.T.  occured  in  n-AlGaAs  layer. 

3 .  Device  Fabrication  and  Characteristics 

The  fabrication  process  flow  is  shown  in  Fig. 4.  At  first,  devices  were 
isolated  by  ion  implantation  of  oxygen  to  form  a  planar  structure 
(Fig.4(a)).  Source  and  drain  contacts  were  formed  by  AuGe/Ni/Au 
(Fig.4(b)i.  Gate  regions  were  recessed  by  60eV  Ar  ion-beam  (Fig.4(c)). 

A1  metal  was  deposited  into  the  recessed  region  by  a  self-alignment 
technique  using  LMH  deep-UV  photoresist  (Fig. 4(d) ) {Yamashita  et  al.  1985). 
The  threshold  voltage  was  controlled  by  the  recessed  depth. 

To  improve  the  performance  of  an  inverted  HEMT,  a  short  distance  from  the 
gate  electrode  to  2-DEG  was  desirable.  Two  different  thicknesses  (200X 
and  40oX)  of  the  undoped  GaAs  channel  layers  were  compared  in  FET 
performance.  In  Fig. 5,  K-values  at  R.T.  are  shown  as  a  function  of 
threshold  voltage  for  two  different  thicknesses.  The  gate  length  and  the 
width  were  0.8^m  and  10pm,  respectively.  K-values  were  much  improved  by 
reducing  the  thickness  of  undoped  GaAs,  At  the  threshold  voltage  of  OV, 
the  distances  from  the  gate  elctrode  to  the  hetero-interface  are 
calculated  to  be  46oX  and  590&  for  the  undoped  GaAs  thickness  of  200'A  and 
400^.  K-value  at  the  threshold  voltage  of  OV  was  improved  about  40’/u  . 

This  larger  improvement  may  be  explained  if  the  distribution  of  2-DEG  in 
GaAs  layer  is  considered.  In  Fig. 6,  square  roots  of  saturation  current  at 
R.T.  and  77K  are  shown  as  a  function  of  a  gate  voltage.  The  thickness  of 
an  undoped  GaAs  was  20oX.  Extremely  high  K-values  of  480mA/V^mm  at  R.T. 
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Fig. 5  Relations  between  K-value  Fig. 6  \^ds  versus  Vg  relations 

and  Vth  for  d=200S  and  400A.  at  R.t.  and  77K. 


alR.T. 


at77K 


Fig. 7  I-V  characteristics  of  inverted  HEMT.  Lg=0.6jjm  and  WgilOjJm. 

and  860mA/V^mm  at  77K  were  obtained.  I-V  characteristics  of  the  inverted 
HEMT  at  R.T.  and  77K  are  shown  in  Fig. 7.  The  maximum  transconductances  at 
R.T.  and  77K  were  400mS/mm  and  550mS/ram,  respectively.  The  source 
resistances  were  as  low  as  0.7j).mm  and  O.SdTImm  at  R.T.  and  7 ;k  .  Drain 
current  saturation  characteristics  were  fairly  good,  showing  tlie  small 
short  channel  effect. 

To  fabricate  LSI  using  inverted  HEMTs,  the  threshold  voltage  must  be 
uniform  on  the  microscopic  scale  as  well  as  on  the  full  wafer.  On  a  whole 
area  of  a  2-inch  wafer,  the  very  uniform  threshold  voltage  distribution 
was  obtained  with  the  gate  length  of  l.bpm  at  R.T,  The  standard  deviation 
was  ll.SmV  at  the  threshold  voltage  of  O.IV.  The  microscopic  uniformity 
was  studied  at  R.T.  using  the  bOpmxbOpra  pitch  FET  array  (Nakamura  et  al. 
1985).  The  histogram  of  the  threshold  voltages  is  shown  ii-  Fig. 8,  The 
gate  length  and  width  were  0.8(jm  and  li^m,  respectively.  The  threshold 
voltages  of  780  samples,  in  the  area  of  0.5mm  x  3.9mm,  were  included  in 
the  figure.  The  standard  deviation  of  19roV  at  the  mean  threshold  voltage 
of  -0.38  V  was  obtained,  which  was  sufficiently  small  to  fabricate  LSI. 

The  propagation  delay  time  of  an  inverted  HEMT  E/D  DCFL  circuit  was 
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measured  at  R.T.  using  the  21-stage  ring- 
oscillator  (R/0).  The  gate  length  was 
reduced  to  0.5^m  and  the  minimum  propagation 
delay  times  of  19.7ps/gate  with  the  power 
dissipation  of  0.2mW/gate  and  20ps/gate  with 
2mW/gate  were  obtained.  No  dependence  of  a 
propagation  delay  time  on  a  power  dissipation 
may  be  due  to  the  good  saturation 
characteristics  of  drain  current. 


N=780 

-382my 

19mV 


4.  IK  Gate  Array 


To  confirm  the  ability  of  the  inverted  HKMT 
for  LSI,  we  fabricated  IK  gate  array  using 
the  inverted  HEMTs  with  the  gate  length  of 
0.8>im.  IK  gate  array  consisted 
of  1000  basic  cells  and  82  Fig-8  H 

I/Os.  The  basic  cell  was  3-  o 

input  NOR  gate  by  E/D  DCFL  H 

circuit  and  I/O  was  constructed 
by  SBFL  circuit  (Tanaka  et  al .  , 

1984).  The  chip  size  was  3.8mm 
X  4.2mm.  On  this  master-chip  a  'kg  M 

6x6  parallel  multiplier  using  ■■  -9  ^ 

the  carry  save  algorithm  and  •1 

the  R/Os  under  various  load  "I 

conditions  were  fabricated.  ^  *1 

Fig. 9  shows  the  photograph  of  a  ^  __ 

IK  gate  array.  “  I 


using  (.60  4.1,0  4,20  4.00  380  360  340  320  300 

eth  of 

^  -vth  I  mV  ) 

Fig. 8  Histogram  of  threshold  voltages 
of  b0jjmx60_pm  pitch  inverted 
HEMTs.  Lg=0.8>im. 


Functional  check  was  perform,-'d  f  ■ 

on  a  6x6  parallel  multiplier.  E  J 

All  4096  bit  patterns  were  p  '| 

tested  at  lOkHz  and  full  P  ■’I 

oparation  was  observed.  The  A  I 

multiply  time  was  measured  I 

from  the  delay  time  through 
critical  path  C26-stage  "  6 

internal  gates  and  5-stage  1/0  t  .1 
gates).  The  multiply  times  at  ;j 

R.T.  and  77K  were  6.0ns  "rij  ^  .  .  .  .  . 

(0.7W),  and  5.1ns  (IW),  W  W  W  ®  9 

respectively.  Table  1  shows  ’ 

increments  of  delay  times  due 
to  various  loads  calculated 

from  the  results  of  K/Os  under  Fig. 9  Photograph  of  6x6  parallel 
various  loads  at  R.T.  The  multiplier  on  IK  gate  array, 

multiply  time  of  26-stage  Lg-0.8j.im. 

internal  gates  could  be 

calculated  from  the  actual  fan  in,  Ian  emt,  line  length  and  crossovers, 
using  the  data  of  Table  1,  which  was  4ns  at  H.T.  The  differet'ce  between 
the  measured  and  calculated  ones  is  du^'-  to  the  delay  at  I/O.  The 
transconductance  of  invert'-d  Hfc'MT  ust-d  to  iabricate  the  gate  array  was 
?40mS/mrr.,  which  was  not  improved  y<d  ,  The  multiply  t  inn'  will  be  shortened 
if  the  impjrovefl  invf'pted  HhKTJ>  ar*'  viseil. 
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6.  Summary 

MBE  growth  condition  and 
processing  technique  for  inverted 
HEMT  were  optimized.  High 
performance  inverted  HEMT  was 
fabricated  and  short  propagation 
delay  time  was  obtained  at  R.T. 
Fully  operating  6x6  parallel 
multiplier  was  fabricated  on  IK 
gate  array.  These  results  confirm 
an  inverted  HEMT  is  a  promissing 
FET  for  high  speed  LSI  at  R.T. 

6.  Acknowledgement 
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rl 

ipt/m) 

55.  8 
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crossover  delay 

rc 

(ps/c.  0.  ) 

0.  90 
(0.  0  13) 

pooer  dissipation 

P 

(•f/ute) 

0.  86 

Table  1  The  increments  of  delay  time 
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Multiple-input  and  -output  OR/AND  circuits  for  VLSI  GaAs  ICs 

Tho  Vu,  Kang  Lee,  Andrzej  Peczalski,  Gary  Lee,  Herpetap  Somal,  Hilliam  Bette 
Honeywell  Systems  and  Research  Center 
3660  Technology  Drive,  Minneapolis,  Minnesota  33418 

Abstract .  Novel  OR/AND  circuits  with  multiple  input  and  output  have 
been  demonstrated  experimentally  for  low-power  2K  and  6K  GaAs  gate 
arrays  with  two  levels  of  logic  at  approximately  a  133Z  increase  in 
speed  and  power  product.  The  proposed  multiple- logic  levels  process  in 
parallel  some  complex  logic  functions  with  only  one  gate  delay.  Two 
proposed  bootstrap  techniques  have  shown  an  improvement  of  typically  12Z 
in  speed  without  an  increase  in  power  for  low-power  applications. 


1 .  Concept  and  Design 

Multiple-input  and  -output  OR/AND  circuits  have  been  developed  for  VLSI 
GaAs  ICs.  Figure  1  shows  the  OR/AND  circuit  for  Schottky  diode  FET  logic 
(SDFL).  The  multiple-input  AND  function  is  done  in  parallel  instead  of  in 
series  (Vu  et  al.,  February  1984,  and  Vu  et  al..  May  1983).  Each  AND  input 
is  realized  by  a  diode  along  with  a  pull-up  (PU)  current  source. 

Therefore,  multiple  AND  functions  are  easily  achievable  with  multiple 
diodes.  Similarly,  multiple  OR  functions  are  implemented  in  parallel  using 
a  diode  for  each  input  along  with  a  pull-down  (PD)  current  source.  The 
number  of  level  shifting  diodes  required  depends  upon  the  FETs '  threshold 
voltages. 

Circuit  simulations  have  shown  that  6  AND  inputs  in  coupling  with  8  OR 
inputs  per  branch  is  achievable.  Figures  2  and  3  show  the  simulated  plots 
of  the  output  voltage  and  the  transition  time  versus  the  FET  ratio  of  PU 
and  FD  devices  for  different  AND/OR  functions.  The  transition  times  here 
are  the  fall  time  and  the  rise  time,  which  are  required  to  change  the 
output  voltage  from  90Z  of  high  state  to  lOZ  of  low  state  or  vice  versa. 

The  simulations  were  done  with  a  fixed  FD  FET  size  of  1  x  3  pm^  and  then 
with  a  fixed  PU  FET  size  of  2  x  3  pm^.  A  comparison  of  simulated  data  for 
OR/AND/INVERT  and  NOR  gates  has  shown  a  40Z  increase  in  gate  delay  and  an 
80Z  increase  in  power  dissipation.  This  results  in  an  132Z  increase  in 
power-delay  product. 

The  key  concept  here  is  that  the  OR/AND  functions  are  isolated  from  the 
inverting  stage  so  that  the  inverter  can  be  designed  to  provide  multiple 
fanout.  Figure  1  shows  an  optional  output  push-pull  stage  that  can  handle 
large  fanout.  This  feature  was  not  available  in  the  series  stacking 
approach,  which  has  limited  the  SDFL  family  to  less  than  VLSI  level  (Vu  et 
al.,  February  1984,  and  Vu  et  al..  May  1983). 

2.  Experimental  Performance 


The  OR/AND/INVERT  SDFL  circuits  have  been  designed  and  fabricated  using 
depletion-mode,  non-self-aligned  GaAs  KESFETs  (Vu  et  al . ,  February  1984). 
Figure  4  shows  the  layout  of  OR/AND/INVERT  and  NOR  gates  with  and  without 
buffering  stages  in  the  2K  and  6K  SDFL  gate  arrays. 
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Table  1  shows  the  measured  noise  margin  of  SDFL  OR/M<D  gates  from  five 
different  wafers  determined  by  the  maximum  square  method  (Hill,  April 
1968).  The  measured  circuit  was  a  4-OR  input  HAND  gate  with  a  fanout  of  2 
and  having  a  -0.9V  threshold  voltage.  As  shown,  this  OR/AND  circuit  has 
better  noise  margin  and  is  more  tolerant  to  the  FET's  threshold  voltage 
than  a  series  gating  circuit  (Vu  et  al.,  February  1984,  and  Vu  et  al..  May 
1985).  These  features  are  very  desirable  for  high  radiation  hardness  and 
manufacturability.  Figures  5  and  6  show  the  transfer  curves  of  this 
OR/HAND  SDFL  gate  at  Vqq  -  1.3V  and  2.0V,  respectively. 

Table  2  summarizes  measured  dc  and  ac  characteristics  of  the  single-input 
OR/AND/INVERT  SDFL  ring  oscillators.  The  data  include  with  and  without 
bootstrap  enhancement  versus  various  fanouts,  capacitance  loadings,  and 
power  dissipations.  The  bootstrap  here  includes  two  diodes  that  are  added 
in  parallel  to  the  PU  transistor  (FUU).  This  bootstrap  increases  the  FI) 
current  when  the  output  goes  high,  and  hence,  improves  the  gate  speed  by 
212  with  an  increase  of  172  in  power  dissipation  (Peczalski,  May  1986,  and 
Vu  and  Lee,  June  1984). 

Another  bootstrap  enhancement,  which  has  shown  improvement  in  gate  delay  by 
82  without  an  increase  in  power,  has  a  large  diode  connected  in  reverse 
across  the  level  shifting  diodes  (DS)  and  logic  diodes  (DL)  (Vu  and  Lee, 
June  1984).  This  bootstrap  is  very  useful  for  low-power  applications. 
Figure  7  shows  the  circuit  diagram  of  a  SDFL  NOR  gate  with  these  two 
bootstrap  enhancements. 

Figure  8  shows  the  measured  SDFL  gate  delay  versus  fanout  and  includes 
OR/AND/INVERT  and  NOR  gates  with  and  without  buffering  stages.  The 
unbuffered  gate  is  used  for  fanouts  of  1  to  4,  and  the  buffered  gate  for 
fanouts  up  to  8.  The  buffering  stages  were  designed  by  doubling  each  FET, 
which  improves  the  driving  capability  by  302  at  high  loading.  The  buffered 
gate  drives  250  fF  on  an  average  of  0.6  ns  faster  than  the  unbuffered 
gate.  Also,  the  buffered  gate  has  better  noise  margin  than  the  unbuffered 
gate  because  of  higher  gain. 

These  OR/AND  structures  also  have  been  implemented  successfully  in  the  2K 
and  6K  gate  arrays  (Peczalski,  May  1986,  and  Peczalski,  to  be  presented). 
The  OR/ AND  circuit  used  in  the  6K  SDFL  gate  array  has  a  proprietary, 
temperature-compensated,  level  shifting  element  to  improve  the  temperature 
operation  of  the  SDFL  circuit  family. 

Table  3  shows  the  measured  data  of  OR/AND/INVERT  and  NOR  gates  from  ring 
oscillators  of  2K  and  6K  SDFL  gate  arrays.  Table  4  compares  the 
performance  of  NOR  and  OR/AND/INVERT  gates.  Basically,  the  average 
measured  data  from  the  2K  and  6K  gate  arrays  show  a  match  within  32  with 
the  simulated  data  in  power  and  delay  product.  Also,  simulated  data  from 
the  6R  gate  array  have  shown  a  good  match  with  the  measured  data  for  the 
buffered  gates  with  an  increase  of  1062  in  power  delay  product. 

Essentially,  the  buffered  OR/AND/INVERT  gate  has  a  performance  of  502 
better  in  power  delay  product  than  the  unbuffered  gate  In  the  6K  gate 
array.  The  tradeoff  of  speed  and  power  in  designing  OR/AND  circuits  is  up 
to  the  designer  for  each  application. 

In  summary,  the  SDFL  gate  can  be  easily  configured  into  an  OR/AND/INVERT 
gate,  which  performs  two  logic  levels  at  an  increase  of  roughly  1552  in 
power  delay  product. 
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3 .  Macrocelle 

The  series  gating  of  OR/AND  gates  has  been  shown  to  be  unreliable  in  the 
8-bit  counter  implemented  in  the  2K  SDFL  gate  array,  as  described  by  Vu  et 
al.  (May  1985).  Two  8-bit  counters  implemented  with  the  parallel  OR/AND 
structure  have  been  shown  to  be  reliable  in  two  different  SDFL  gate  arrays 
(Peczalski  et  al.,  May  1986).  One  8-bit  counter  was  tested  on  the  2K  gate 
array.  Figure  9  shows  the  output  waveform  of  this  test.  A  yield  of  40T 
was  measured.  Another  8-bit  counter  implemented  on  the  bootstrap  SDFL  gate 
array  is  8ho%m  at  100  MHz  in  Figure  10.  A  yield  of  522  was  measured.  The 
8-bit  counter  consists  of  7  OR/NAND  gates,  76  buffered  NOR  gates,  3  input 
buffers,  and  8  output  buffers.  The  longest  delay  path  in  the  counter  is  11 
gate  delays.  The  average  gate  power  was  56  pW  with  a  gate  delay  of  2.4  ns. 

A  pipelined  12  x  12  multiplier  implemented  with  both  the  unbuffered  and 
buffered  OR/AND/INVERT  gates  has  also  been  shown  working  in  the  6K  SDFL 
gate  array  (Peczalski  et  al.,  to  be  presented).  This  multiplier  includes 
the  following  microcells;  a  12-bit  ripple  counter,  a  12-bit  synchronous 
counter,  a  24-bit  inverting  multiplexer,  a  12  x  12  multiplier,  a  24-bit 
paral lel-to-serial  shift  register,  and  a  24-bit  multiplexer.  A  total  of  48 
unbuffered  OR/AND/INVERT  gates  were  used  in  the  24-bit  inverting  and 
noninverting  multiplexers.  Twelve  buffered  OR/AND/INVERT  gates  were  used 
in  the  12  x  12  multiplier  microcell.  Figure  11  shows  the  output  waveform 
of  the  pipelined  12  x  12  multiplier  in  the  self-test  mode. 

4.  Appl ications 

The  concept  of  the  OR/AND  structure  can  be  expanded  to  three  logic  levels 
of  OR/AND/OR,  or  the  logic  order  can  be  interchanged  to  AND/OR.  These 
multiple- logic  circuits  can  be  designed  for  any  GaAs  bipolar  or  FET  logic 
family,  including  ECL,  CML,  SDFL,  BFL,  DCFL,  SCFL,  etc.  For  example,  a 
two-level  of  OR/AND/AMPLIFIER  was  implemented  in  the  SCFL  family  with  an 
increase  of  252  in  gate  delay,  1002  in  power,  or  1502  in  power  delay 
product  (Vu  et  al..  May  1986).  These  OR/AND  circuits  are  very  useful  in 
implementing  logic  functions  like  multiplexer,  demultiplexer,  encoder, 
counter,  ALU,  etc.,  which  require  multiple  input  and  multiple  output.  This 
is  essentially  applicable  for  VLSI  which  implements  more  logic  functions  in 
less  chip  area,  higher  speed,  and  lower  power. 
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(a)  Circuit  diagram 


(b)  Logic  diagram 


Figure  1.  Multiple  Input/Output  OR/ AND/ INV ERT  SDFL 


Figure  2.  Output  Voltage  versus 
FET  Ratio  of  PU  to  PD  Devices  for 
Different  AND/OR  Functions 


Figure  3.  Transition  Time  versus 
FET  Ratio  of  PU  to  PD  Devices  for 
Different  AND/OR  Functions 


High-speed  devices 


M  t«uv  u«n«  <■  MMt  ciunt  n».nii»(| 

Figure  4.  L^out  of  SDFL  Queter  and  Its  Area  Decrease  froo  a 
2K  to  a  6K  Gate  Arr^ 


Figure  S.  Transfer  Curves  of  an  Figure  6.  Noise  Margin  Curve  of 
OR/NAMD  SDFL  Gate  with  Each  AND  an  OE/HAND  SDFL  Gate  with  2-AND 

Input  Exercised:  Each  AND  Input  Input  and  a  Fanout  of  2;  Each  AND 

Has  2  OR  Inputs  Input  Has  2  OR  Inputs 


>a 


Figure  7.  SDFL  NOR  Gate  with  Figure  8*  SDFL  Fanout  Sensitivity 
Bootstrap  Enhancevents 


Figure  9.  Output  of 
8-Bit  Counter  on  2K 
Gate  Array 


Figure  10.  Output  of 
8-Bit  Counter  fro* 
the  Bootstrap  Gate 
Array  at  100  NHs 


Figure  11.  Output  of 
Pipelined  12  x  12 
Multiplier  in  the 
Self-Test  Mode 
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TABLE  1.  NOISE  MARGIN  AND  YIELD  OF  A  4- INPUT  OR/ AND/INVERT 
SDFL  WITH  A  FANOUT  OF  2  AT  Vss  =  -2V 


Wafer  Number 

Parameter 

1 

2 

4 

3 

'■DD  “ 

Noise  margin  (mV) 
Voltage  swing  (V) 
Yield  {%' 

4^2 . 4 

1 

4C3.2<‘ 

1  .SH 

S7  . 1 

323. f 

1 .33 
80.1 

489.4 

1 .30 
t7.0 

223.8 

1  .03 
34.7 

V-,p  1  l.n' 

*.k  ise  margin  (oV) 
Voltage  swing  iV) 
Yield 

lf'3..*' 

1 .03 
49.0 

1  f*l .  3 

C.94M 

35.1 

198.9 
0.934 
81  .6 

313.27 

1  .00 
67.0 

132.1 

0.393 

26.3 

Nl’te:  1,  Soiae  was  calculated  uisint  the  maxioiuic  square  method. 

Volrabf  suirt  -  (hi^-h)  -  (low). 

Yield  vj{'  based  cr.  4^*  die  jior  wafer  with  a  5f'-nV  pass/fail 
critericr. 


TABLE  2.  DC  AND  AC  CHARACTERISTICS  OF  OR/AND/ INVERT  GATE  FROM 
SDFL  RING  OSCILLATOR  AT  Vgs  =  -2V 


Var  table 

Fanout 

capacitance 
Load ing 
(fF) 

Vbo 

<v) 

IdD 

(|>A) 

iss 

(mA) 

P 

(pw) 

Td 

(ns) 

P  X  Tj 

(fj) 

Psw 

(V) 

Without 

A 

— 

1.3 

154.4 

72.7 

346 

1.65 

571 

0.34 

bootstrap 

2 

— 

2 

171.4 

83.6 

510 

2.27 

1158 

0.50 

4 

230 

1 .3 

237.3 

67,2 

443 

1.38 

612 

0.7 

4 

230 

2 

492.7 

69.9 

1125 

I.IO 

1233 

0.8 

With 

2 

-- 

1 .3 

197.9 

72.7 

373 

1.25 

466 

0.28 

bootstrap 

2 

— 

2 

498.5 

73.1 

1143 

1  .04 

1189 

0.34 

4 

230 

1 .3 

145.7 

64.5 

304 

2.71 

823 

0.9 

4 

230 

2 

155.4 

65.2 

441 

3.10 

1365 

1.4 

TABLE  3.  PERFORMANCE  OF  OR/AND/INVERT  AND  NOR  GATES  FROM  RING 
OSCILLATORS  OF  2K  AND  6K  GaAs  SDFL  GATE  ARRAYS 


V 

.  . . .  ... 

TABLE  4. 

PERFORMANCE 

COMPARISON  OF 

OR/AND/INVERT  AND  NOR  GATES 

Gate 

Average  a  Increase 
in  Cate  Delay.  T 

Average  2  Increase 
in  Power,  P 

Average  2  Increase 
in  P  X  T 

2K  gat.  .rr.y, 

unbuffered  gates 

32.5 

129.5 

204.5 

6K  gate  array. 

buffered  gates 

92 

6.5 

105.5 

1  Average  of  2K  and  6K 

62 

68 

155 

Simulation  (Vu 

and  Lee) 

40 

80 

152 

Simulation  of  6K  gate  array, 
unbuffered  gates 

68.3 

47.4 

150 

Simulation  of 
buffered  gates 

bK  gate  array, 

53 

35 

106 
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MITSUBISHI  ELECTRIC  CORPORATION 

4-1  Mizuhara,  Itami,  Hyogo  664  Japan 

ABSTRACT  Ganma  ray  total  dose  effects  on  electrical  properties  of 
X-band  two-stage  miC  anplifier  have  been  studied.  Typical  gain  and 
noise  figure  of  the  MMIC  are  19.5dB  and  4.7dB  at  9.7GHz,  respectively. 
The  WIC  is  exposed  to  gaitma  radiation  ranging  frot  10^  to  10 
rad(GciAs) .  No  significant  change  is  observed  up  to  10*^  raxl.  However, 
at  10^  rad,  gain  and  noise  figure  are  seriously  degraded  to  17.5dB  and 
8dB,  respectively.  Crystal  defect  level  (0.32eV)  induced  by  gamma  ray 
irradiation  is  found  to  cause  these  degradations. 

1.  ItflTODUCTlON 

GaAs  monolithic  microwave  IC's  (MMIC's)  are  becomirq  one  of  the  most 
pranising  devices  in  radar  and  ccnriunicatlon  systems.  Especially  in 
satellite  catmunication  systems,  highly  reliable  and  radiation  hardened 
WIC's  are  required.  It  has  been  already  reported  that  high  dose  gamna 
ray  irradiation  causes  degradation  of  GaAs  FETs  and  WICs  (Kadowaki  and 
Aono] .  However,  the  degradation  mechanism  has  not  been  clarified.  In 
this  paper  described  are  gama  ray  irradiation  effects  on  X-band  two-stage 
WIC  amplifier,  and  the  degradation  mechanism  is  discussed. 

2.  X-BAND  TMO-STAGE  AMPLIFIER 

An  X-band  two-stage  amplifier  has  been  developed.  Figure  1  shows  a 
^tr  -raph  of  the  amplifier.  The  chip  size  is  4.2iim  X  2nm.  The 
amplifier  is  composed  of  2  FETs,  4  resistors,  11  capacitors  and 

trananission  lines  as  shown  in  Fig.  2.  FCT's  and  resistors  are 
fabricated  using  selective  Si  ion  implantation.  Gate  length  and  width  are 
lim  and  ISOtin,  respectively.  Capacitors  have  a  MlM(Metal-Insulator-Metal) 
structure.  A  plasmai-CVD  SiN  film  having  4,000A  thickness  is  used  as  an 
insulator.  Typical  RF  characteristics  are  shown  in  Fig.  3.  Gain  and 

noise  figure  are  19.5dB  and  4,7dB  at  9.7  GHz,  respectively. 

3.  IRRADIATION  EFFECTS  ON  MMIC 

The  MMIC  is  exposed  to  gamma  ray  ranging  from  10 h  to  10  9  rad.  Cobalt  60 
is  used  as  gamna  ray  source.  Dose  rate  is  5.4  X  10  f’  -  ;i  'ho'^r.  Figure  4 
shows  gamna  dose  dependence  of  RF  characteristics  of  the  »1IC.  The  gain 
is  initially  19.5d0  and  gradually  decreases  and  reaches  to  17.5dB  at  109 
rad.  On  the  other  hand,  the  noise  figure  does  not  remarkeiblly  change  up 
to  10^  rad.  However,  it  is  seriously  degraded  with  additional  dose  and 
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increases  to  8dB  at  10 rad.  To  clarify  the  degradation  mechanian,  gama 
dose  effects  on  FETT,  capacitor  and  resistor  are  investigated  using  these 
monitors  fabricated  in  the  vicinity  of  the  EWIC  on  the  sane  wafer.  Figure 
5  shows  yantna  dose  dependence  of  MIM  capacitor  and  resistor.  No  change  in 
capacitance  is  observed  up  to  10 '*  rad.  On  the  contrary,  rana.'kable 
increase  in  the  r>-doped  layer  resistance  is  observed  above  10*^  rad. 
Figure  6  shows  ganina  dose  dependence  of  DC  characteristics  of  FET.  No 
remarkctble  change  in  both  Ids  and  ^  is  observed  up  to  10^  rad.  However, 
drain  current  Ids  and  transcorductance  gm  rapidly  decreased  to  60  and  80% 
of  the  initial  value,  respectively.  Ganina  dose  dependence  of  the  gain  is 
calculated  using  measured  S-paran>eters  of  FET.  Figure  7  shows  the 
calculated  gain.  There  is  a  good  agreement  between  the  experiment  and 
calculation.  Using  these  measured  S-pararoeters,  circuit  parameters  of  FET 
are  obtained  frcm  the  eguivalent  circuit  shewn  in  Fig.  8.  The  results 
are  shown  in  Table  1.  The  increase  in  resistances  shown  in  Ta^sle  1  agrees 
well  with  both  the  increase  in  monitor's  resistance  and  the  decrease  in 
Ids  and  gm.  From  these  results,  the  degradation  of  the  W1IC  is  caused  by 
the  increase  in  r-';-- t i v-»  "omron-nt.;  '>•'  th  ■•■in  val  -nt  ■'  ? 


4.  IRRADIATION  INDUCED  DEFECTS 

The  increase  in  the  resistance  is  expected  to  be  due  to  radiation 
induced  defects.  Therefore,  gatima  dose  effects  on  GaiAs  crystal  is  studied 
using  DLTS.  Figure  9  shows  typical  DLTS  spectra  before  and  after 
irradiation  of  lo'^  rad.  Before  irradiation,  only  one  peak,  denoted  as 
G-4,  is  observed.  This  level  is  well  known  as  EL2.  On  the  other  hand, 
three  peaks,  G-1,  G-2  and  G-3,  appear  after  irradiation.  The  activation 
energies  of  G-1,  G-2  and  G-3  level  are  0.32,  0.8  and  0.93  eV, 
respectively.  Among  these  three  types  of  defects,  the  density  of  G-3 
level  is  neglected  in  this  paper,  because  this  is  relatively  snail. 
Densities  of  G-1  and  G-2  levels  are  shown  as  a  function  of  gaima  dose  in 
Fig.  10.  Below  10^  rad,  G-2  level  is  dominant,  while  density  of  G-1 
level  more  rapidly  increases  with  garnna  dose  and  becones  daninant  above 
10*^  rad.  The  decrease  in  carrier  concentration  and  the  increase  in  the 
defect  densities  of  G-1  and  G-2  levels  are  shown  in  Fig.  11.  Fairly  good 
agreement  is  found  between  the  decrease  in  carrier  concentration  and  the 
increase  in  the  defect  densities.  This  result  means  that  irradiation 
induced  defects  act  as  electron  traps  r.".  r  ;‘re"  --.rr.  'n-. 


5.  CX3NCUJS10N 

Total  dose  effects  of  gamma  ray  on  GaAs  MMIC's  are  studied.  Frcm  this 
study,  the  degradation  of  X-band  two-stage  amplifier  is  found  to  be  caused 
by  crystal  defects  induced  by  gamma  ray  irradiation.  The  following  ir. 
concluded. 

(1)  No  remarkable  degradation  of  two-stcige  amplifier  performance  is 

observed  for  ganma  dose  up  to  10''^  rad.  However  above  IQh  rad,  a 
degradation  - h-m:.'™  v'i.'5  ‘h-mor.-.t  n  * . 

(2)  The  degradation  of  two-stage  esnplifier  is  mainly  caused  by  the 
increase  in  the  resistance  of  FET. 

(3)  Three  types  of  crystal  defects,  G-1,  G-2  and  &-3  are  induced  in  GaAs 
crystal  by  ganina  ray  irradiation.  The  increase  in  the  resistance  of  FET 
is  due  to  the  increase  of  these  defects, 

(4)  Miong  these  three  defects,  G-1  level  plays  an  important  role  in  the 
degreidation  of  the  amplifier. 
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Flg.l  A  micrcjphotograph  of  X-band  two-stage  fWIC  amplifier. 
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Pig. 2  An  equivalent  circuit  of  the  MMIC  two-stage  amplifier. 
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GAMMA  DOSE  (rad) 

Fig. 5  Garmia  dose  deperxience  of  MIM 
capacitor  and  resistor. 
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F  =  9.7GH2 


15'  ' 

• — ♦EXPERIMENT  Vds  =  3.0V  [ 

♦ - 0  CALCULATION  Vg  =  -0.5V 


«  loj- 

I  i 

0. — .. - - - - - 

0  10’  10*  10’ 
GAMMA  DOSE  (rad) 

Fig. 7  Ganma  dose  dependence  of 

calculated  and  experimental 
gain  of  the  WIC. 


Fig. 8  Equivalent  circuit  of  FET. 


Table. 1  Ganna  dose  dependence 
of  circuit  paraneters 
of  FET. 


GAMMA  DOSE  (rad) 

0 
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0.21 
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0.009 
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ni(o} 
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7.2 
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Fig. 9  Typical  DLTS  spectra  before 
and  after  irradiation. 
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Fig. 10  Defect  densities  of  G-1  and 
G-2  levels  as  a  function 
of  gaiUTia  dose. 
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Fig. 11  Decrease  in  carrier  concentration 
and  increase  in  defect  densities 
of  G-1  and  G-2  levels. 
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Abstract.  A  novel  rapid  thermal  annealing  (RTA)  method  using  GaAs  guard 
rings  has  been  developed.  The  method  has  effectively  suppressed  slip  line 
generation  and  offered  uniform  annealing  characteristics  over  2-inch 
diameter  GaAs  wafer.  Using  this  RTA  method,  GaAs  digital  ICs  (dual-modulus 
prescaler)  have  been  fabricated  with  high  yield. 

1.  Introduction 


Rapid  thermal  annealing  (RTA)  using  radiation  from  halogen  lamps  is  very 
promising  annealing  method  for  ion-implanted  GaAs.  The  great  advantages  of 
this  method  are  a  short  annealing  time  and  its  relative  simplicity  as 
compared  with  the  conventional  furnace  annealing.  The  diffusion  of 
Implanted  dopants  and  surface  degradation  of  GaAs  wafer  due  to  As 
dissociation  are  expected  to  be  suppressed  by  this  short  annealing  time. 

In  spite  of  those  advantages,  only  a  few  papers  have  been  reported  so  far 
(Badawi  et  al .  1984,  Cummings  et  al.  1986)  on  the  application  of  RTA 
method  to  annealing  large-size  (2-  or  3-inch  diameter)  GaAs  wafers.  This 
is  probably  because  considerable  crystallographic  slips  are  induced  during 
RTA.  Therefore,  not  only  overcoming  this  problem  but  also  uniform 
annealing  characteristics  over  the  wafer  are  needed  in  order  to  apply  RTA 
method  to  GaAs  IC  processing. 

In  this  paper,  we  report  a  new  RTA  method  using  GaAs  guard  rings  and 
successful  fabrication  of  GaAs  digital  ICs  with  high  yield  using  this  RTA 
method . 

2.  Experimental 


The  RTA  system  used  in  this  work  was  a  commercial  Heatpulse  210T  system 
manufactured  by  A. G. Associates.  The  wafers  used  in  this  work  were  undoped 
(100)  semi-insulating  2-inch  diameter  GaAggCrystal^ggrown  by  liquid 
encapsulated  Czochralski  (LEG)  method.  Si  and  Si  were  implanted 
selectively  at  lOOkeV  and  150keV  for  n-type  layers  of  FETs  and  n  -type 
layers  of  source/drain  regions,  respectively. 

The  wafers  were  annealed  caplessly  using  the  proximity  method  (i.e.,  face 
down  on  another  2-inch  diameter  GaAs  wafer)  under  Ar  atmosphere  in  order 
to  prevent  the  surface  degradation  during  RTA.  These  GaAs  wafers  were 
supported  by  4-inch  diameter  Si  wafer.  The  wafers  were  firstly  kept  at 
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Fig.  1.  Temperature  cycles  of  monitor  and  GaAs  wafer  on  RTA  (950*C,  15sec) 
using  (a)  Si  monitor  and  (b)  GaAs  monitor. 


400*C  for  lOsec  in  order  to  improve  the  reproducibility  of  annealing. 


The  temperature  of  annealed  wafer  is  usually  monitored  via  thermocouple 
embedded  in  a  small  piece  of  Si  wafer  (Si  monitor)  attached  to  periphery 
of  Si  supporting  wafer.  This  monitor  temperature  is  controlled  as  to  be 
programmed  value  by  closed  loop  control.  We  have  investigated  the 
temperature  difference  between  monitor  and  the  annealed  GeiAs  wafer  using 
two  kinds  of  monitors.  One  is  usually  used  Si  monitor  and  the  other  is 
GaAs  monitor,  which  is  made  of  a  GaAs  block  in  which  thermocouple  was 
embedded.  The  GaAs  block  has  the  same  thermal  capacity  as  that  of  two  2- 
inch  diameter  GaAs  wafers.  The  GaAs  wafer  temperature  was  measured  via 
thermocouple  embedded  between  two  2-inch  diameter  GaAs  wafers. 

The  results  are  shown  in  Fig.  1  (a)  and  (b)  for  Si  monitor  and  GaAs 
monitor,  respectively,  at  the  annealing  condition  of  950”C  for  ISsec.  The 
large  temperature  difference  between  Si  monitor  and  the  GaAs  wafer  was 
observed  due  to  the  difference  of  thermal  capacity  as  shown  in  Fig.  1  (a). 
On  the  other  hand,  the  difference  between  them  was  diminished  for  GaAs 
monitor  as  shown  in  Fig.  1  (b).  Therefore,  it  is  possible  to  control 
accurate  temperature  cycle  using  GaAs  monitor. 

After  annealing,  the  slip  lines  in  2-inch  diameter  GaAs  wafers  were 
observed  by  X-ray  transmission  topography.  The  uniformity  of  annealing 
characteristics  was  evaluated  by  the  drain  saturation  current  (Idss) 
distribution  of  gateless  FETs  over  2-inch  diameter  GaAs  wafer.  GaAs 
digital  ICs  (dual-modulus  prescaler)  were  fabricated  using  RTA. 

3.  Reduction  of  slip  lines  in  GaAs  wafer  during  RTA 

The  most  likely  cause  of  the  slip  generation  is  a  relief  of  stress 
developed  as  a  result  of  small  temperature  nonuniformity  ,across  the  wafer. 
Blunt  et  al .  (1985)  have  reported  reduction  of  slip  lines  by  using  Si 
guard  rings  during  RTA.  Taking  thermal  match  between  the  guard  rings  and 
the  GaAs  wafer  into  account,  the  GaAs  guard  rings  will  be  more  desirable 
(Tamura  et  al .  1906,  Cummings  et  al .  1986).  Thus,  we  have  investigated  the 
following  annealing  methods  using  GaAs  guard  rings.  Their  experimental 
arrangements  are  shown  in  Fig.  2. 

A)  no  guard  ring  arrangement  B)  one  GaAs  guard  ring  arrangement 

C)  two  GaAs  guard  rings  arrangement  D)  three  GaAs  guard  rings  arrangement 


- 
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The  annealing  temperature  and  time  are 
950’C  and  ISaec,  respectively.  A  GaAs 
guard  ring  was  made  from  a  3-inch  diameter 
GaAs  wafer  (800^-thicnesa ) . 

After  annealing,  the  GaAs  wafers  were 
exeimined  by  X-ray  transmission  topography 
using  MoK*  radiation.  The  results  are 
shown  in  Fig.  3.  As-grown  wafer  without 
heat  treatment  is  also  shown  as  a  reference. 
The  method  A,  B,  and  C  resulted  in  the 
generation  of  extensive  slip  networks 
toward  the  center  from  the  periphery  of  the 
wafer.  A  clear  improvement  in  the  reduction 
of  slip  lines  is  seen  for  the  method  D  in 
which  three  GaAs  guard  rings  were  used. 

These  results  indicate  that  the  uniformity 
of  temperature  distribution  across  the  wafer 
is  improved  using  three  GaAs  guard  rings. 

Therefore,  we  selected  this  RTA  method  D 
using  three  GaAs  gueurd  rings  for  the 
following  experiments. 


ANNEALING 
METHOD  I 


EXPERIMENTAL 

ARRANGEMENT 

WJkf AR 


Fig.  2.  Experimental  arrang¬ 
ements  for  different  kinds 
of  RTA  methods. 
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Fig.  4.  Annealing  temperature  dependence 
of  Idas  andtridss. 
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Fig.  5.  Arrhenius  plot  of 
Idss . 


4.  Annealing  temperature  dependence  of  uniformity  and  activation 

The  uniformity  of  annealing  characteristics  and  activation  by  RTA  were 
investigated  as  changing  annealing  temperature  with  the  aim  of  its 
application  to  the  device  fabrig|tion.  FETs  have  been  fabricated  on 

2-inch  diameter  GaAs  wafer^j  were  selectively  implantej^at 

lOO^eV  with  a  dose  of  5x10  cm  and  at  IbOkeV  with  a  dose  of  1x10 
cm”  for  active  layers  and  source/drain  regions  of  FF.Ts,  respectively. 

The  source-drain  spacing  and  channel  width  of  FET  are  3^m  and  5^, 
respectively.  The  uniformity  of  annealing  characteristics  was  evaluated  by 
drain  saturation  current  (Idss)  distribution  of  about  1100  gateless  FETs, 
which  were  measured  using  computer  controlled  automatic  probing  system  by 
1.2mm-pitch  over  2-inch  diameter  wafer. 

Fig.  4  shows  the  annealing  temperature  dependence  of  Idss  (mean  value  of 
Idss)  and  didss  (standard  deviation  of  Idss).  Annealing  time  was  ISsec.  As 
a  reference,  the  result  obtained  by  conventional  furnace  annealing  (FA, 
capless  annealing  at  SECC  for  15min  in  AsH^/Ar  atmosphere)  was  also  shoTwn 
in  this  figure.  The  Idss  increases  almost  linearly  with  annealing 
temperature  and  has  a  maximum  value  at  around  920°C.  Over  that 
temperature,  the  Idss  decreases  linearly  due  to  the  surface  degradation  or 
the  increase  of  compensation  ratio  because  of  amphoteric  nature  of  Si. 
eldss  has  a  minimum  value  at  around  920“C.  The  values  of  Idss  and  cldss  at 
920*C  show  higher  activation  and  more  uniform  annealing  characteristics 
than  those  of  furnace  annealing. 

Fig.  5  shows  the  Arrhenius  plot  of  Idss.  From  this  figure,  the  activation 
energy  of  1.47eV  for  Idss  was  obtained.  That  value  is  abouj^thre^  times 
higher  than  that  reported  in  the  case  of  high-dose  ( >  3x10  cm  )  Si- 
implantation  (Hiramoto  et  al.  1985,  Cummings  et  al.  1986).  The  reason  is 
not  clear  at  present,  but  it  may  be  due  to  the  difference  of  implanted 
dose. 

t 

Fig.  6  and  7  show  the  typical  Idss  distribution  and  the  histogram  of  Idss 
over  2-inch  diameter  wafer  by  RTA  at  920’C,  respectively. 

From  the  above  results,  the  annealing  condition  at  B2Q°C  for  15sec  was 
selected  as  optimum,  and  this  annealing  condition  was  adopted  for 
fabrication  of  GaAs  digital  ICs. 
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Fig.  6.  Idss  distribution  of  gateless 
FETs  by  RTA  (920*0,  ISsec). 
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Fig.  7.  Histogram  of  Idss  for 
gateless  FETs  by  RTA  (920*C, 
15sec ) . 


5.  Application  of  RTA  to  GeeAs  digital  IC  processing 

Using  RTA,  GaAs  digital  ICs  (dual-modulus  prescaler)  were  fabricated  on 
2-inch  diameter  GeiAs  wafer.  Fig.  8  shows  the  block  diagram  of  fabricated 
dual-modulus  prescaler  IC  for  the  use  of  mobile  telecommunication  systems 
designed  as  to  have  low  dissipation  current  (Hasegawa  et  al .  1986).  By  the 
two  mode  control  signals  MCI  and  MC2,  it  operates  as  a  256/258/128/130 
variable  frequency  divider.  This  prescalar  is  consisted  of  334  1^- 
gatelength  enhancement-mode  MESFETs  (E-MESFETs),  56  load  resistors  and  104 
shift  diodes  using  source-coupled  FET  logic  (SCFL)  with  a  fully 
complementary  operation  (Katsu  et  al.  1982,  Idda  et  al.  1984).  Fig.  9 
shows  the  photograph  of  IC  chip. 

The  n*-type  source/drain  regions  of  FETs  and  n-type  lasers  of  FETs,lo^^ 
resistors  an^gShift  diodes  wej|  forged  by  selective  Si  (150keV,lxl0 
cm  )  and  Si  ( lOOkeV ,  ~4xl0  cm  )  ion  implantations,  respectively.  RTA 
(method  D)  was  carried  out  with  optimum  annealing  condition  (920°C, 

15sec).  The  gate  electrode  was  Pt/Ti/Au  and  the  threshold  voltage  (Vth)  of 
FET  was  adjusted  to  0,1 ''-0.27  by  sintering  at  380°C  in  Ar  atmosphere  using 
Pt  buried  gate  technology  (Onuma  et  al.  1983).  Typical  value  of  <rVth 
(standard  deviation  of  Vth)  over  2-inch  diameter  wafer  was  about  40~60raV, 
of  which  value  is  lower  than  that  of  furnace  Emnealing  (60~B0mV),  at  Vth= 
~0.1V  in  the  case  of  using  conventional  LEC  crystals.  The  first  and 
second  interconnection  lines  were  formed  with  about  2^-thick  Ti/Pt/Au  by 
a  plating  technique.  2^m-thick  polyimide  was  formed  as  the  cross-over 
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Fig.  10.  Dissipation  current 
distribution  of  preacalers  oper¬ 
ating  at  IGHz  fabricated  by  RTA. 


Fig.  11.  Output  waveforms  of  prescaler 
at  input  frequency  of  IGHz. 


insulator  to  reduce  the  interconnection  capacitance. 


Fig.  10  shows  the  dissipation  current  distribution  of  the  operated 
prescalers  at  input  frequency  of  IGHz  with  5V  supply  voltage  obtained  by 
on-wafer  measurement.  The  chip  yield  was  as  high  as  69%  for  IGHz 
operation,  which  is  higher  than  that  of  furnace  annealing  (typical  40 ~ 
60%).  Fig.  11  shows  the  output  waveforms  of  divide-by-258/266/130/128  mode 
for  input  frequency  of  IGHz.  The  lowest  dissipation  current  was  3.1mA  with 
5V  supply  voltage  for  IGHz  operation.  These  results  have  proved  that  this 
RTA  method  is  very  promising  for  GaAs  digital  IC  processing. 

6.  Summary 

A  novel  RTA  method  using  GaAs  guard  rings  has  been  developed.  This  method 
has  shown  to  provide  reduced  slip  line  generation  and  uniform  annealing 
characteristics  over  2-inch  diameter  GaAs  wafer.  Using  this  RTA  method, 
high-yield  fabrication  of  GaAs  digital  ICs  has  been  achieved. 
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Hot  electron  resonant  tunneling  through  a  quantum  well:  a  new  electron 
spectroscopy 

I'l'ilci'ico  Ca(i;iss<).  Susaiita  Si>ii*.  A  Clio  aii'l  A  1,  I  liitcliiiisoii 
ATcVT  Hell  Laboratorios.  Muiray  Hill.  N.l  ()7!)7 1 


1.  Introduction 

In  I’lcciil  yi'ar^  tlifrc  ha.-'  been  an  incn-asiiif;  ri-scarch  activity  iti  t  lie  ficbl  of  lioi 
I'lcctfon  Of  ballistic  electron  s|>ect roscopy  in  scinicotiilnctors.  The  pritici|ile  a- 
Well  as  the  name  of  this  techni(|ne  were  first  introduced  iti  theoretical  papers  b> 
Ih'sto,  I’one  and  Cast  antic' ( HIS:;,  HlSd).  The  iilea  is  to  use  a  double  barrii  r 
tran^i'lor  striictiire.  one  of  the  barriers  beinn  nse<l  a.s  the  electroti  injector 
(etnitter)  and  the  other  as  the  collector.  The  derivative  of  the  collector  ciirretit  I 
with  respect  to  the  ba.se-col lector  voltage  .  i.e..  dl, /d\'(„  .  is  measured  as  a 
function  of  \'i,,  ,  This  ipiatitity  is  directly  ridated  to  the  inotneiitutti  distribution 
function  n(pi)  in  the  lutse  region,  where  p,  is  the  compotient  of  the  electron 
momeiiMitn  perpemlicular  to  th<’  luuse-collcctor  interface.  I  lot  electron  spect  ros- 
cop>  u:is  first  experimentally  ileinonst rated  by  groups  at  Bellcore  -  Bell  Labs 
lllayes  ct  ah.  HISl-S.'))  atid  I'ujitsii  ('I'okoyania.  et  til.  HIS  1 1  iisinn  r"spia'l  ivc|_\ 
planar  doyd  barriers  (Malik  et  :il..  HIHd)  and  tutinelinn  hot  electron  tratisistors 
(llciblum  el  al.  His.'ia.  Id.  These  structures  were  siibseipieiil  ly  employed  for  the 
studs  of  ballistic  transport  by  l  Im  Belh'ore  -  Bell  Labs  nroup  (I.evi  et  al.  Hisha.b) 
tiiid  IBM  nroiip  (Ih'ibluin  et  al.  HlS.'ia.b.  HISG).  theoretical  amilysis  of  hot  elec¬ 
tron  sped rosiaijiy  has  been  recently  perfornied  (Wane  d  al.  lOSfi). 

in  this  pa|U'r  sse  deinonst  rtite  a  new  electron  spectroscopy  technii|Ue  ba.sed  on 
resonant  tuniieHni;.  The  key  <lifferen<'e  comptinal  to  conventional  hot  electron 
spe('t roscopy  (Ihiyes  ami  I.evi  (  HIsG))  is  the  Use  of  a  resonant  tunneling  ilouble 
barrier  in  the  colha-tor  of  tin-  stru<'lure  (I'in.  I).  The  advanltice  of  this  new 
feature  is  that  it  tillosvs  one  to  obtain  information  on  the  electron  momentum 
distribution  nipi)  directly  from  the  measured  resonant  lunnelim;  collector 
current,  without  laapiirins  llie  use  of  dcrisalivi'  lechniipies, 

2.  Resonant  Tunneling  Spectroscopy 

l  icure  1  illustrates  the  eiierey  band  diaiirams  of  two  jiossible  sitmclures  for 
resonant  lunnelini;  electron  spectroscopy.  The  first  one  (Fin.  la)  realiz(al  by  im  in 
the  present  exiieriiuenl  <a)nsists  liasil-ally  of  a  ri’verse  biased  pn  helerojundion 
and  can  be  used  to  inveslieale  hot  minority  ctirrier  trans|iorl.  Incident  li'^hl  is 
slroni;l\  absorbed  in  the  wide-eap  p’*  layir.  l’hol<e(;eni'raled  minority  carrier 
elect  rolls  diffuse  to  all  adjacent  low-eap  layer.  I  (ion  enterlm;  this  renion 
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electrons  are  ballistically  accelerated  by  the  abrupt  potential  step  and  gain  a 
kinetic  energy  =  Afi, .  Collisions  in  the  low  gap  layer  tend  to  randomize  the 
injected,  nearly  mono-energetic  distribution,  making  it"hot".  Hot  electrons  sub¬ 
sequently  impinge  on  the  double  barrier  in  the  collector.  From  simple  considera¬ 
tions  of  energy  and  lateral  momentum  pn  conservation  iti  the  tunneling  process 
(Luryi,  1985)  it  can  be  shown  that  only  those  electrons  with  a  perpendicular 
energy  pj/'inif  equal  (within  the  resonance  width)  to  the  energy  of  the  bottom 
of  one  of  the  subbands  (i.e.,  a  resonance)  of  the  quantum  well,  resonantly  tunnel 
through  the  quantum  well  and  give  rise  to  a  current.  Thus  by  varying  the 
applied  bias  (i.e.,  changing  the  energy  difference  between  the  resonance  of  the 
quantum  well  and  the  bottom  of  the  comluction  band  in  the  low  gap  p"^  layer | 
and  measuring  the  current,  one  directly  probes  the  electron  energy  distribution 
n(Ki)  or.  equivalently  the  momentum  distribution  n(Pi)  (Fig.  2).  Identical  argu¬ 
ments  apply  to  the  case  of  the  transistor  structure  of  Fig.  1(b)  which  can  be  used 
to  analyse  the  electron  distribution  in  the  ba.se  layer  by  mea.suring  the  c('Uectur 
current  a.s  a  function  of  the  collect(rr-b!i.sc  voltage. 

In  the  above  arguments  we  have  a.ssumed  that  therinionie  currents  above  the 
double  barrier  can  be  minimized.  This  can  be  done  by  operating  the  structure  at 
sufficietitly  low  temperature  and  by  suitably  desigtiing  the  <loulde  barrier 
(Tsuchiya  et  al.  1985). 

The  steady  state  current  density  flowing  through  the  lioiible  b,arri<'r  via  reson-mi 
tunneling  is  therefore  given  by,  for  the  ctuse  of  a  ptirabollc  band: 

rc 

.1,  =  ~ /  ./•Jtn*  K,  n(F. , )  T(F. ,  ).1F. ,  ( 1 ) 

tile  V  ' 

where  we  have  considereii  resonant  tuniKding  through  one  resonance  only.  T(Fi) 
is  transmission  of  the  double  barrier.  If  the  latter  is  designe<l  in  such  a  way  that 
T(Ki)  is  liigh  over  a  narrow  energy  range  (resonance  wiilth  <  I  ine\')  and  negligi¬ 
ble  (dsewhere.  Ihi.  (1)  can  be  rewritten  a.s 


n  (!■;,)  Th  ai;„ 


whr'fe  d’n  is  th('  peak  transmission  of  the  double  barrier  (i.e.,  at  an  iindilenl  per- 
liendieelar  energy  F|  equal  to  tin'  energy  of  the  bottom  of  thi'  first  subband  of 
the  ((uantum  well  Fi)  ami  is  the  full  width  al  half  maximuiii  of  the  reso¬ 

nance.  The  energy  F|  (which  is  tneftsiired  with  respect  to  the  bottom  of  the  p"*^ 
low  gap  layer  (Fig.  la)  or  the  ba.se  layer  (Fig.  lb))  is  linearly  related  to  the  electric 
rield  applied  to  the  double  barrier,  b'or  the  structure  of  Fig.  1(a)  one  ha.s 

—  - -  (.>) 


where  \  is  the  reverse  bias  voltage.  \  i,,  the  built-in  potential  of  the  |>n-junelioii, 
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L(.  the  total  collector  layer  thickness.  Lb  and  Lw  the  barrier  and  well  layer  thick¬ 
ness  respectively.  Eli  is  the  energy  of  the  bottom  of  the  ground  state  resonance 
measured  with  respect  to  the  bottom  of  the  center  of  the  well.  (Note  that  t^|  is 
assumed  to  be  independent  of  the  electric  field  F  which  is  a  good  approximation 
as  long  as  is  significantly  greater  than  eFLw).  It  is  clear  from  Eq.  (2)  and  (3) 
that  by  measuring  the  current  as  a  function  of  voltage,  rather  than  its  derivative, 
one  probes  directly  the  energy  distribution  n(E))  of  the  electrons  incident  on  the 
double  barrier.  Note  that  the  term  ThAEr  can  be  rigorously  calculated  (assum¬ 
ing  no  inelastic  current)  for  a  given  double  barrier  and  is  monotonically  depen¬ 
dent  on  the  applied  field.  .Note  that  also  in  conventional  hot  electron  (derivative) 
spectroscopy  the  collector  current  ilepends  in  general  on  the  transmission  at  the 
collector  base  interface,  due  to  quantum  mechanical  reflections  of  electrons  emit¬ 
ted  near  the  top  of  the  barrier  (W  ang  et  al.  1986). 

3.  Experimental  Results 

The  structures  were  grown  by  Molecular  Ileam  E^pitaxy  on  a  <1(X)>  p"*^  (ia.Vs 
substrate  and  consist  of  p"*^  n  heterojunclions.  Their  ban<l  diagram  is  shown  in 
E'ig.  la  at  a  given  reverse  bias.  The  growth  starts  with  a  2(XK)  thick 
n"*^  =  ■JxlO'  cin"  ’  buffer  layer  followeil  by  an  undoped  .'gKX)  (;a.\s  layer  tind 
an  Al.Vs/tia.\s/.\l.\s  double  barrier,  with  barrier  ami  well  thicknesses  of  20  .\ 
and  8(1  .A  respectively.  The  paratneters  of  the  double  barrier  were  choseti  in 
such  a  way  that  over  the  applied  voltage  ratige  (0-l()\')  the  electron  energy  distri¬ 
bution  is  firobe(l  essetitially  by  only  one  resonance  at  a  time.  Iti  this  way  at  atiy 
given  bitus  the  eitrretu  is  <lue  to  resontint  tunneling  through  a  single  resotiatiee. 
For  our  double  barrier  the  first  resonance  is  at  E’.|  =  50  me\'  frotn  the  well  bot¬ 
tom  and  the  secomi  at  }!_•  =  260  nie\'  (Tsmdiiya  et  al  198r)).  Thus  it  is  easily 
shown  (see  later  in  text)  that  the  first  peak  in  the  current  (Fig.  3  and  l|  is 
obtaine<l  from  pn'bitig  the  h'W  energy  tail  of  the  distribution  with  the  first  resis 
titinee  while  the  si'coinl  one  is  obtained  frotn  se.mpHng  the  higher  energy  portioti 
of  the  disirihiition  with  the  secotid  resonance.  .-\  20  A  undoped  (ia.\s  spacer 
layer  septirtites  the  clouble  barrier  from  the  p'^  (  =  3  xl0*’*cm”')  (ia.As  layer. 
Different  thicknesses  were  used  for  this  region  (2-)0  A  .  500  A  .  |8(X)  .\  )  while 
keeping  everything  else  the  s.ame.  The  last  layer  consists  of  2  pm  thick 
,\ln  jClay  7  As  dopeil  to  p  =  3xlo'*‘em"  '.  Light  from  a  lle-Ne  laser  (  X  =  6328  A  I 
heavily  absorbeil  in  this  region  was  used  to  achieve  pure  •■leeiron  (mitjority  ear- 
rier|  injection. 

rhe  devices  were  mountcil  iti  a  llelitran  dewar  and  the  photoeurretit  was  meas¬ 
ured  as  a  function  of  reverse  bias  in  the  leniperaiure  range  from  70  to  1)  K.  I  ig.  3 
and  1  illustrate  the  tneasiireil  photoeurrent  for  two  different  t  liii-ktnsses  nf  the 
(bi.As  p”^  layer.  Consider  first  tlm  ilata  for  the  structure  with  the  500  thick 
layer  (Fig.  3|.  I'wo  distinct  features  are  present  at  1.2  X  titid  7\’  respectively. 
1  sing  Ei<|.  (3|  otic  can  easily  sec  that  I  lu’  first  peak  eorrespotids  *to  elictrotis  with 
perpendicular  energy  of  a  few  tens  of  me\'  (^  17  ine\'  at  the  mtiximutn)  that 
have  resotiatitly  tunneled  through  the  first  ri-sonatiee  of  the  (ptantutn  well.  The 
secotid  peak,  clearly  visible  only  at  the  low«"'  tetnperat ure  is  much  broader  atid 
correspotids  to  iticident  electrons  with  etiergy  EiiC^  122  tne\'  which  have 
resonantly  tutitieled  through  the  second  resotiatiee  of  the  well.  It  is  therefore 
clear  that  the  energy  distribution  of  the  electrons  in  the  |i^  (la.Xs  layer,  followitig 
high  energy  iiijeclioti  (0.233  e\  ,  i.e.  the  coiidin't ioti  batid  discontinuity  between 
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Cia-Vs  and  the  AIq 30307.^3)  consists  of  two  parts.  One  is  strongly  thermalized, 
with  energies  close  to  the  bottom  of  the  conduction  liand.  wliile  the  otlicr  one  is 
much  hotter.  Thus  the  distribution  is  strongly  non  maxwellian  similar  to  what 
has  been  found,  by  conventional  electron  spectroscopy,  in  the  case  of  majority 
carrier  electrons  in  the  base  of  hot  electron  transistors  (Hayes  and  Levi 

Similar  results  are  found  by  decreasing  the  CaVs  p"*^  layer  tliickness  from  500 
to  2-50  (Fig.  4).  The  first  peak  is  located  at  somewliat  lower  voltage 
(corresponding  to  25^7  -  SO'^r  higher  energies)  implying  that  the  thermalization  of 
carriers  is  somewhat  less,  due  to  the  thinner  layer.  ;ts  expected.  Overall  however, 
the  shape  of  the  energy  distribution  has  not  changed  significantly  which  implies 
that  already  over  a  length  of  a  few  hundred  .A  the  near  ballistic  injected  distri¬ 
bution  htus  been  strongly  randomized  by  scattering.  Additional  manifestation  of 
strong  scattering  comes  front  the  fact  that  no  evidence  is  found  in  the  dtiia  of 
Fig.  1  of  the  quatitized  subb-.uids  of  the  250  A  p'*^  well  intt)  wliich  elect rotis  tire 
iitjeeted.  Sitice  this  subband  structure  should  be  reflected  oti  the  elci  tron  distri- 
bittiott,  otte  would  expect  to  observe  peaks  in  the  photoeurretti  at  such  voltages, 
that  the  resotiances  of  the  doiitde  barrier  coiticide  iti  etierg.v  with  the  resonances 
of  the  250  A  thick  layers.  The  fact  that  this  is  tiot  observed  iitijilies  thtil  the  co|. 
lisiottal  broadening  due  to  scattering  li/r  mitst  be  cottiparable  to  the  typical 
eitergy  septiratioti  between  the  resotiances  of  the  p''  layers.  The  latter  tttries 
with  the  (pitintum  numher.  For  the  ti=:t  ati<l  n  =  I  levels  the  energy  se|iaration 
is  ~  (it)  ttie\'.  hv  the  above  criteria  this  implies  a  scattering  time  of  ~  Itr"  sec 
for  hot  electrotis  with  an  etiergy  0.1  e\’.  This  order  of  magnitude  estinuite  is 
tiot  unrea.sonahl('.  Note  that  at  high  p-type  doping  levels  (>|o''‘cnr'j  in  (laAs 
ltii|iiirity  scattering  plays  :iu  important  role  in  ramlotnizing  tti<'  inuineni  uin  of  hot 
electrons  traversing  the  (OiAs  layer,  s, .filtering  from  optical  phonons  (n.,~  Uli 
me\').  plasnioiis  (Ti^j,  ^  10  me\')  and  'ingle  particle  scattering  betui.eii  an  elec¬ 

tron  atid  :i  hole  also  play  a  wry  im|>oriaiii  robs  In  fact  recent  electron  speiuros- 
copy  tiieasiireinetits  by  (hives  et  al.  (Itlsiii  in  heierojunction  bipolar  transistors 
witli  ba.se  thicknesses  ^  ItIO  A  shows  that  e'ect  rotis  undergo  si  rong  relaxation  in 
the  p*  (=  2xlo'’^cni'  M  base.  Recent  eNperinietii  al  determinations  of  the  scatter- 
itig  rates  of  hot  electrons  with  comparable  energies  in  lieavil.t  dopeil 
n*  =  lxlo''*cni  '  (i:i.\s  give  a  scattering  time  in  the  ;5x)l)  "  —  .‘ixlO  ’’  sec. 
(IhiM-s  and  l.e\i  KWtil  range. 

We  have  als, ,  performed  measurements  In  siniilar  'irncture.  with  a  thicker  p"^ 
region  IIMKI  \  |.  From  the  photii  current  I  \  we  biutid  that  ihcio'iis  undergo 
resonant  tunneling  through  the  double  l  .tirb  r  'arting  from  a  few  nuA'  energy 
from  the  bottom  of  the  lainduciion  lumd  in  tie  p'  t.a\s  la.ver.  and  that  there  is 
not  a  hot  electron  distribution  al  higher  et,.  tgv.  I'his  is  to  be  expected  sima'  by 
making  the  p*  la.M'r  inuidi  thicker  elecii'c,'  have  had  time  to  iherni:dl/e  at  the 
hottoin  of  t  he  band  bid'ore  undergoing  res  ani  tunniding. 

One  final  iniporttinl  iioini  should  be  n  d.  To  obtain  tie'  energy  dlsiribu- 

lion  iilF.I  from  the  current,  the  latter  in  .si  1-  properlv  iiorinali/ed  bv  taking 
into  accaiunt  the  incre,i.se  of  t  In-  tunniling  pr  •;  dility  with  increasing  ehatric 
field  (more  iirecisely  the  )iroducl  T(F|(|AI.).:  in  I  cp  i2))  and  b.v  siihl  raeiiipg  aiiv 
background  due  to  therinloinic  emission  oier  the  barrier.  In  any  case,  the  main 
'pmliltilive  features  of  the  e|ei-t  roiiii-  transport  can  ..btained  direcilv  front  the 
current,  as  previously  shown. 
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r;g.l  a.  Band  dia^ra**  ot  atrjcturaa  4««d  tor 

raaonant  tunn^lin^  ap^ctroacopy  > RTs ' 
ot  ftdt  ainority  carriar  aiactrona 
t.  jnipoiar  tranaiator  atructura  (or  RTS  rig. 2 

ol  Hot  aa^ority  carrxar  alactrona  in 
*.ha  oaaa  ;avar. 


Schaaatica  of  RTS.  By  aaaauring  tha 
currant  aa  a  function  of  ravaraa 
Oiaa  (iaft>  ona  diractly  probaa  tha 
anar^y  diatribution  parpandlcular 
layara  n(C^  t  iright ) . 


Photocurrant  v#  ravaraa  biaa  vol 
taga  of  tha  atructura  of  Fig.  la 
vith  a  loa  gap  GaAa  p  iayar  of 
thicttnaaa  *  900  X.  Tha  *ov«ionath 
ol  tha  Incldant  light  va  632b  *. 


Photocurrant  va  ravaraa  biaa  vol- 
taga  of  tha  atructura  of  Fig.  i% 
aith  a  ioa  gap  ^aAa  p*  iayar  of 
thicknaaa  •  250  A.  Tha  vavalanoth 
of  tha  incidant  light  la  6328  I. 


544  Gallium  A  rsenide  and  Related  Compounds  1986 

REFERENCES 

Hayes  J  R,  Levi  A  F  J  and  Wiegniann  \V  1984  Electron  Lett.  20.  8r)i-,52. 

Hayes  J  R,  Levi  .\  F  J  and  Wiegmann  \V  1985  Phys.  Rev.  Lett.  54.  1.570-72. 
Hayes  J  R  and  Levi  F  J  1986  IEEE  J.  Quantum  Electron.  QE-22.  1744-52. 

Hayes  J  R.  Levi  .\  F  J,  Ciossard  C  and  Wiegmann  W  1986  Technical  Digest  of 
the  Device  Research  Conference. 

Heihlum  M,  Nathan  M  1.  Thomas  D  C  and  Kn<icdler  C  M  198.5a  Plus.  Rev.  Lett. 
.35.  22(XV03. 

Heihlum  M.  Thomas  1)  C.  Knoeiller  C  M  and  Nathan  M  I  1985b  Appl.  Phvs.  Lett. 
4T.  110.5-07. 

Heitdum  M.  Calloja  F.  .Vmlerson  I  M.  Dumke  W  P.  Knoedler  C  M  and  Osterling 
1.  1986  Phys.  Rev.  Lett.,  56'.  28.54-.56. 

Hesto  P.  .lone  .1  F  and  Ca.stagtie'R  1982  .\ppl.  Pli.vs.  Lett.  40.  40.5-7. 

Hesto  P  1983  Surface  Sci.  I  <2.  62.3-36. 

Levi  .\  F  ,1.  ILiyes  .1  R.  I’latzmati  I*  M  and  Wiegmann  W  198.5a  Phvsica.  18411. 
180-86. 

Levi  .\  F  .1.  Hayes  .1  It.  I’latzman  P  M  and  Wiegmanti  W  198.51i  Phvs.  Rev.  Lett. 
55  2071-73. 

l.uryi  S  198.5  Appl.  Phys.  Lett.  ./ 7.  490-97. 

Malik  R  .1.  .XuCoin  1'  R.  Ross  R  L,  Hoard  K.  Wood  I.  F  C  and  Eastman  1.  F  198t) 
Fleet  roll.  Let  t .  tH.  836-38. 

Shah  .1  1986  IFFF  .1.  (Quantum  Electron.  QE-22.  1728-43. 

r'lichiya  .M.  Sakaki  H  atid  Yoshitio  .1  1985  Ipn.  .1.  .\ppl.  Phys.  24.  1, 417-19. 

't'okoyama  .N.  imamura  K.  Oshinia  T.  Nishi  H.  Muto  S.  Koiidu  K,  and  Hiyamizii 
S  198  1  Proe.  IFFF  Intertiational  Electron.  Devices  Meeting,  .532-35. 

Wang  'I'.  Hess  K,  and  lafrate  (i  ,)  1986  .1.  .\ppl.  Phys..  5,'7,  212.5-28. 


Inst.  Phys.  Conf.  Ser.  No.  83:  Chapters 

Paper  presented  at  Int.  Syntp.  GaAs  and  Related  Compounds,  Las  Vegas,  Nevada,  1986 


545 


Resonant  tunneling  in  a  double  Ga  As/AI  As  superlattice  barrier 
heterostructure 


M  A  Reed  and  J  W  Lee 

Central  Research  Laboratories 
Texas  Instruments  Incorporated 
Dallas,  Texas  76265  USA 

Abstract.  Resonant  tunneling  has  been  demonstrated  through  a  double 
barrier,  single  quantum  well  heterostructure  in  which  the  barriers  have  been 
replaced  by  thin,  short  period  binary  superlattices.  The  structure  exhibits  an 
anomalously  low  barrier  height  and  a  peak  to  valley  tunnel  current  ratio  of 
1.8:1  at  300°K. 

1.  Introduction 

The  phenomena  of  resonant  tunneling  in  double  barrier  heterostructures,  first 
investigated  in  the  seminal  work  of  Chang,  Esaki,  and  Tsu  (1974)  has  recently 
undergone  a  renaissance  due  to  recent  improvements  in  epitaxial  growth 
techniques.  The  DC  and  high  frequency  transport  in  these  structures  has  been 
the  subject  of  intense  investigation  following  the  remarkable  submillimeter 
wave  experiments  of  Sollner  et  al  (1983)  which  has  been  interpreted  as  coherent 
resonant  tunneling  through  the  heterostructure.  This  renewed  interest  has  led 
to  the  observation  of  large  room  temperature  peak  to  valley  tunnel  current  ratios 
(Shewchuk  et  al  1985),  resonant  tunneling  of  holes  (Mendez  et  al  1985),  the 
observation  of  multiple  negative  differential  resistance  (NDR)  peaks  due  to 
resonant  tunneling  (Reed  1986)  and  the  observation  of  sequential  resonant 
tunneling  through  a  multiquantum  well  (MQW)  superlattice  (Capasso  et  al 
1986). 

The  initial  investigations  of  this  structure,  typically  in  the  GaAs/AlxGai-xAs 
system,  have  utilized  "square”  (i.e.,  constant  Al  mole  fraction)  barriers  to  confine 
the  central  quantum  well.  A  number  of  intriguing  physical  phenomena  can  be 
examined  by  tailoring  the  barrier(s)  in  real  space,  such  as  equally  spaced 
resonant  peaks  arising  from  a  parabolic  quantum  well.  However,  the  variety  of 
tunneling  structures  that  can  be  investigated  is  limited  by  the  practical 
constraints  on  the  Al^Gai  xAs  barrier  (or  well)  growth  and  the  rate  the  Al  mole 
fraction  can  be  changed  over  the  region  of  interest,  typically  —lOOA.  A  possible 
solution  to  the  Al  mole  fraction  gradient  constraint  is  the  emulation  of  the 
desired  AlxCat  xAs  alloy  barrier  structure  with  a  GaAs/AlxGai.xAs  superlattice 
of  fixed  (even  100%)  Al  mole  fraction  (Laidig  1983  and  Sakaki  1985).  In  this 
letter  we  report  the  first  study  of  resonant  tunneling  through  a  double  barrier, 
single  quantum  well  heterostructure  in  which  the  barriers  have  been  replaced  by 
thin,  short  period  binary  superlattices.  This  is  the  first  demonstration  that 
quantum  well  states  can  be  confined  by  very  thin,  short  period  superlaltices  and 
that  resonant  tunneling  transport  through  a  compositionally  modulated  ba-rier 
is  possible. 
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2.  Experimental  procedure 

The  samples  used  in  this  study  were  grown  by  molecular  beam  epitaxy  in  a  Riber 
MBE-2300  on  a  2-inch  (100)  n+  Si-doped  Sumitomo  GaAs  substrate  utilizing  a 
directly  heated  rotating  substrate  holder.  Following  a  highly  doped  (n-type,  Si  @ 
1x1018  cm-3)  buffer  layer,  the  active  resonant  tunneling  structure  region  was 
then  grown.  For  comparison,  a  conventional  AlxGai-xAs  alloy  barrier  structure 
of  similar  barrier  and  quantum  well  dimension  was  fabricated,  as  well  as  one 
with  a  larger  quantum  well  size.  The  conventional  AlxGai-x As  barrier  sample 
consisted  of  an  undoped  AlxGar.xAs  barrier  (50A,  x  =  .35),  followed  by  an 
undoped  GaAs  quantum  well  (50A  or  lOOA),  similar  barrier,  and  a  top  contact 
~0.5  micron  thick.  For  the  binary  superlattice  barrier  structure,  each  barrier 
consists  of  three  7A  layers  of  AlAs  separated  by  two  tA  layers  of  GaAs.  The 
GaAs  quantum  well  in  this  sample  is  45A  and  the  remainder  of  the  structure  is 
identical  to  the  AlxGai  xAs  barrier  samples.  A  cross-sectional  transmission 
electron  micrograph  of  the  superlattice  barrier  structure  is  shown  in  Figure  1. 
Devices  were  fabricated  by  defining  mesas  on  the  surface  with  conventional 
photolithography  techniques,  bonded  for  mechanical  stability,  and  inserted  into 
a  variable-temperature  helium-flow  Janis  cryostat  or  into  a  stabilized  oven  for 
variable  temperature  measurements. 


Figure  1  Cross-sectional  transmission  electron  micrograph  of  the  superlattice 
barrier  resonant  tunneling  structure.  The  width  of  the  GaAs  quantum  well  is 
45A  and  the  widths  of  the  two  GaAs  and  three  AlAs  superlattice  barrier 
components  are  7 A. 
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3.  Results 

Figure  2  shows  the  room  temperature  static  current- voltage  (I-V)  characteristics 
of  a  typical  conventional  alloy  barrier,  50A  wide  quantum  well,  resonant 
tunneling  structure.  This  structure  exhibits  a  room  temperature  peak  to  valley 
tunnel  current  ratio  of  1.75:1  which  increases  typically  to  7:1  at  low 
temperatures  (s  100°K).  We  have  plotted  the  negative  bias  data  reflected  into 
the  first  quadrant  to  emphasize  the  observed  asymmetry  in  the  current-voltage 
characteristics  of  these  structures.  This  asymmetry  has  been  ascribed  to  the 
inferior  inverted  interface  morphology  of  the  quantum  well  and  contact  region 
(Shewchuk  et  al  1985).  This  is  consistent  with  our  observations;  our  convention 
of  positive  bias  means  electron  injection  from  the  backside  superior  GaAs 
contact.  A  higher  resonant  bias  for  the  inverted  configuration  would  be  expected 
from  an  extended  inverted  region.  The  room  temperature  I-V  characteristics  for 
the  superlattice  barrier  structure,  designed  to  have  the  same  resonant  bias 
voltage,  is  shown  in  Figure  3.  The  symmetry  for  positive  and  negative  bias  is 
excellent.  This  observation  suggests  that  the  inverted  interface  is  indeed 
responsible  for  the  observed  asymmetry  in  the  alloy  barrier  structure  and  that 
the  superlattice  barrier  improves  the  interface  by  lessening  trapping  of 
undesired  impurities  and/or  prevents  surface  roughening.  This  improvement 
has  been  observed  previously  in  photoluminescence  experiments  (Sakaki  et  al 
1985).  The  superlattice  barrier  structure  exhibits  a  1.8:1  peak  to  valley  ratio  at 
room  temperature  and  exhibits  NDR  up  to  100°C. 


Device  Bias  (V) 

Figure  2.  Room  temperature  static  I-V  characteristics  of  a  typit.al  conventional 
50A  alloy  barrier,  50A  wide  quantum  well,  resonant  tunneling  structure.  Device 
mesa  area  =  25  pm’.  Positive  and  negative  bias  are  shown. 

The  observed  resonant  bias  positions  can  be  compared  to  the  theoretical 
predictions  of  a  transfer  matrix  model  (Ricco  and  Azbel  1984)  if  the  parasitic 
resistances  in  the  structure  are  independently  known.  Since  this  is  unknown  for 
the  structures,  we  employ  the  technique  (Gossard  et  al  1982)  of  low  bias  thermal 
activation  of  carriers  over  the  effective  barrier  to  determine  the  position  of  the 
quantum  well  bound  state  relative  to  the  Fermi  level  of  the  contact.  In  this  case 
the  effective  thermal  barrier  presented  to  the  electrons,  at  low  bias,  is  not  the  full 
barrier  but  the  F-point  of  the  quantum  well  bound  state.  This  is  demonstrated  in 
Figure  4  for  the  alloy  barrier  structure  with  a  50A  quantum  well,  which  yields  an 
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Figure  3.  Room  temperature  static  I-V  characteristics  for  the  superlattice 
barrier  structure.  Device  mesa  area  =  25  pm-.  The  symmetry  for  positive  and 
negative  bias  is  excellent. 

activation  energy  of  70  meV.  Similar  measurements  on  an  alloy  barrier 
structure  with  a  quantum  well  width  of  —  lOOA  gave  an  activation  energy  of  15 
meV,  demonstrating  that  the  activation  energy  decreases  with  increasing  well 
size  as  expected.  It  should  be  noted  that  the  ground  state  only  is  observed  due  to 
the  large  energetic  separation  of  the  excited  state. 


1000/T  (K) 


Figure  4.  Low  bias  thermally  activated  current  for  the  50A  quantum  well  alloy 
barrier  structure.  The  thermal  activation  measurement  gives  E  =  70  meV. 
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Figure  5.  Low  bias  thermally  activated  current  for  the  superlattice  barrier 
structure,  showing  identical  activation  energies  independent  of  current  density. 
The  current  does  not  exactly  scale  with  top  mesa  dimension  due  to  mesa 
undercut.  The  thermal  activation  measurement  gives  E  =  71  meV. 

The  activation  energy  gives  the  quantum  well  energy  relative  to  the  conduction 
band  edge  when  corrected  for  the  assumed  degeneracy  in  the  contact  due  to  the 
high  doping  (No  »  1x10“^  cm^,  which  gives  Ep  ^  55  meV).  The  derived 
quantum  well  state  is  120  meV  which  is  in  excellent  agreement  with  the  values 
of  116  meV  predicted  from  an  envelope  function  approximation  (Bastard  1981) 
using  a  60%  conduction  band  offset.  This  technique  was  used  to  derive  the 
position  of  the  center  quantum  well  state  for  the  supeidattice  barrier  structure 
and  is  shown  in  Figure  5  for  two  devices  of  different  mesa  dimension.  The 
thermal  activation  measurement  for  both  gives  a  quantum  well  state  of  121  meV, 
the  same  as  for  the  50A  alloy  barrier  structure  which  was  expected  from  the 
identical  resonant  bias  positions  of  Figures  2  and  3. 


There  are  two  independent  approaches  to  determine  the  effective  barrier  height 
AEc*  of  the  superlattice  barrier  once  the  quantum  well  energy  is  known.  First, 
we  can  use  the  energy  of  the  quantum  well  state  (determined  above)  to  derive  the 
effective  barrier  height  AEc*  assuming  that  the  envelope  function  approximation 
for  thick  barriers  is  valid.  Using  a  45A  quantum  well,  we  obtain  an  effective 
barrier  height  AEc*  =  290  meV',  or  an  equivalent  alloy  composition  of  0.296. 
Secondly,  we  can  compare  the  transmitted  resonant  current  densities  of  the 
conventional  alloy  barrier  structure  and  the  superlattice  barrier  structure. 
Considering  single  particle  transmission  coefficients,  it  can  be.  shown  that  the 
effective  barrier  height  AEc*  can  be  expressed  as 
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wnere  Ug,  is  me  wium  oi  me  superiaiuce  oarrier,  u^  is  me  wiam  oi  me  aiioy 
barrier,  and  Jg^  are  the  measured  current  densities  for  the  alloy  barrier  and 
superlattice  barrier,  respectively,  AEc^  is  the  conduction  band  offset  for  the  alloy 
barrier  case,  and  the  E'^^^g  are  the  ground  state  energies  of  the  quantum  wells. 
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Using  a  60%  conduction  band  oiTset  and  a  SSA  superlattice  barrier  width,  we  get 
AEc*  =  240  meV,  slightly  lower  than  the  barrier  computed  above.  A  monolayer 
fluctuation  at  the  interfaces  of  the  barrier  gives  AEc*  =  275  meV,  in  good 
agreement  with  the  envelope  function  prediction. 

The  superlattice  barrier  height  is  much  lower  than  would  be  expected  from  an 
averaged  alloy  composition  of  0.60,  which  gives  a  barrier  height  of  587  meV. 
Photoluminescence  experiments  on  thick  superlattice  barrier  confined  isolated 
quantum  wells  (Sakaki  et  al  1985)  also  found  disagreement  with  an  averaged 
alloy  comTOsition  model,  though  an  equivalent  alloy  composition  higher  than  the 
average  alloy  con^sition  was  found.  An  envelope  function  approximation  to  a 
superlattice  of  infinite  extent  to  determine  the  effective  barrier  height  as  the 
first  conduction  minizone  edge  gives  an  even  greater  discrepancy.  Thus  the 
superlattice  barrier  allows  appreciable  wavefunction  penetration  while 
maintaining  a  high  energy  quantum  well  state,  as  has  been  previously 
suggested.  The  observation  of  an  anomalously  low  barrier  height  to  transport  is 
indicative  of  the  enhanced  evanescent  tail. 

4.  Summary 

In  summary,  we  report  the  first  study  of  a  double  short  period  binary  superlattice 
barrier,  single  quantum  well  heterostructure.  This  is  the  first  demonstration 
that  quantum  well  states  can  be  confined  by  very  thin,  short  period  superlattices. 
The  superlattice  structure  does  not  exhibit  the  asymmetry  around  zero  bias  in 
the  electrical  characteristics  normally  observed  in  the  conventional  AUGai  xAs 
barrier  structures,  and  exhibits  an  anomalously  low  barrier  height 
demonstrating  an  enhanced  evanescent  tail  in  the  superlattice  barrier.  The 
ability  to  emulate  barriers  with  superlattices  permits  a  number  of  intriguing 
suggested  investigations  for  tunneling  structures,  such  as  equally  spaced 
resonances  from  a  parabolic  well,  an  increase  in  transmission  coefficient  from  a 
structure  symmetric  at  resonant  bias,  bandgap  engineered  contacts,  an  increase 
in  sequential  multiquantum  well  resonant  current,  and  the  investigation  of  the 
influence  of  barrier  symmetry  on  resonant  bias  and  transmission.  The  flexibility 
of  design  and  enhanced  evanescent  tail  are  also  important  to  MQW  lasers  and 
high  frequency  resonant  tunneling  devices. 

We  are  thankful  to  R.  T.  Bate,  W.  R.  Frensley  and  C.  H.  Hoel  for  discussions  and 
R.  Aldert,  R.  Thomason,  and  J.  Williams  for  technical  assistance.  This  work  was 
supported  in  part  by  the  Office  of  Naval  Research  and  the  U.  S.  Army  Research 
Office. 
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Abstract.  A  remarkable  split  is  observed  in  the  ground  state  resonance 
energy  of  electrons  in  a  GaAs/AlAs  resonant  tunneling  structure  placed 
in  the  intrinsic  region  of  an  diode.  The  11  meV  splitting 

■is  observed  through  a  padr  of  Negative  Differential  Resistance  Regions 
(NDRRs)  in  the  current-voltage  characteristics  of  the  diode  at  room 
temperature  (kT=25  meV).  The  existence  of  the  doublet  emd  the  apparent 
lack  of  thennal  broadening  of  the  eigenvalues  is  explained  by  qpaantum 
mechanical  reflection  from  the  edge  of  the  Intrinsic  region  as  well  as 
reflections  from  the  two  AlAs  layers. 

1.  Introduction 


Resonant  tunneling  in  heterostructured  semiconductors  (Tsu  1973)  has 
reoeived  considerable  a'ttention  during  ■the  past  three  yeairs.  The  interest 
in  these  structures  has  been  primarily  stimulated  by  the  speculations 
regarding  the  possibility  of  reedizing  new  high  speed  electronics  and 
optoelectronics  devices  based  on  the  resonant  tunneling  phenomenon. 
Recently,  we  have  demonstrated  that  resonant  tunneling  can  also  be  used 
as  a  high  resolution  spectroscopic  technique  at  elevated  temperatures 
(Tabatabede  1986).  In  this  paper  we  describe  the  origin  of  newly  observed 
resonehoe  peaks  in  the  I-V  spectra  of  our  resoneint  tunneling  structures. 

2.  Extended  field  structures 

Rioco  and  Azbel  (1984)  have  pointed  out  that  the  strength  of  the  resonant 
tunneling  current  through  a  double  baurrier  structure  is  meiximized  only  if 
■the  reflection  coefficients  of  the  individual  beuoriers  are  ■the  same.  Such 
a  condition  does  not  exist  for  the  conventional  symmetrically  grown 
double  baunder  structures  under  external  bias.  The  obvious  approach  to 
maximizing  the  resonant  tunneling  transmission  coefficient  for  a  specific 
resonauioe  energy  level  is  the  use  of  carefully  designed  asymmetrically 
grown  structures.  Alternatively,  the  composition  of  the  emitter  electrode 
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cm  be  ctiosen  so  thait  the  botton  of  Its  conduction  band  is  degenerate 
with  one  of  the  resc»imoe  levels  Inside  the  quantum  well  (Capasso  1986). 

One  partial  solution  proposed  by  us  is  to  extend  the  electric  field 
resulting  from  the  applied  extemzLl  bias,  beyond  the  barriers  region. 
This  is  accompolished  by  placing  the  resonant  tunneling  barriers  inside 
the  intrinsic  region  of  an  n^/i/n*  diode  structure  as  is  shown  in 
Fig.  1.  If  the  thic)cness  of  the  undoped  spacer  layers  outside  the 
heterobarriers  region  is  kept  smadl,  quantum  size  effects  prevent 
charge  pile-up  adjacent  to  the  first  AlAs  heterobarrier.  Instead,  the 
aocumulation  region  forms  at  the  n'''/n~  homojunction  doping  barrier  as 
is  the  case  for  conventional  structures.  In  theory,  electrons 

injected  over  the  smeill  homobarrier  are  heated  by  the  electric  field 
prior  to  impact  with  the  heterobarriers,  resulting  in  smaller  overeill 
field  strengths  required  to  achieve  resonance.  Later  in  this  paper,  we 
show  that  the  preffered  path  is  for  the  electrons  to  directly  tunnel 
through  the  entire  three  barrier,  double  quantum  well  structure. 

3.  Experimental  results 

Room  temperature  I-V  characteristics  of  50  ^m  diameter  double  quantum 
well  structures  of  the  type  described  above  are  shown  in  Figs.  2,  3,  and 

4.  The  structures  etre  grown  by  MBE  and  consist  of  two  20  R  AlAs  barriers 
separated  by  a  70  X  GaAs  welL  The  spacer  layer  on  the  collector  side  is 
50  X  thick  while  the  emitter  side  spacer  is  70  X  for  the  device  of  Fig. 
2cind  100  X  for  the  devices  of  Figs.  3  and  4.  The  above  layers  are  all 
undqped  and  have  a  net  n-type  background  impurity  concentration  of  less 
than  2x10^^  cm”^.  The  emitter  and  collector  electrodes  are 
degenerately  doped  (mid  10^®  range)  n-type  GaAs  layers.  The  layer 
thicknesses  have  ncfc  been  directly  measured  and  are  therfore  approximate. 
They  are  inferred  from  previously  grown  calibration  standards. 

Fig.  2  shows  a  pair  of  transmission  peaks  at  250  and  285  mV  and  a  third 
peak  ett  470  mV.  The  inset  of  this  figure  is  the  I-V  plot  of  another  diode 
from  the  same  werfer  clearly  showing  the  relative  strengths  of  the  two 
peaJcs  in  the  doublet.  The  wafer  of  Fig.  3  adso  exhibits  three  NDRRs  at 
600  mV,  2.7  V  and  3.3  V.  Fig.  4  shows  an  expanded  plot  of  the  I-V 
cheucacteristics  of  zinother  diode  from  the  same  wafer  near  the  lowest 
energy  NDRR.  This  figure  shows  the  presence  of  yet  another  tranmission 
peak  observed  as  a  shcwlder  in  the  I-V  data  at  400  mV  but  too  weak  to 
produce  an  NDRR  ait  room  temperature,  the  observaition  of  four  transmission 
peaks  in  the  structure  of  Figs.  3  and  4  and  the  presence  of  the  doublet 
in  the  gxcund  staite  resonance  of  Fig.  2  have  net  been  previously  observed 
or  explained. 
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Fig.  3.  I-V  characteristics  of  a 
50  diode  having  an 
emitter  spacer  width  of 

100  S. 

4.  Shape  of  the  I-V  characterls 

Eaurly  theoretical  calculations  by  Tsu  and  Esaki  (1973)  predicted  NDRRs  in 
the  I-V  plots  of  multilayered  AlGaAs/GaAs  structures  based  on  the 
resonant  transmission  of  charge  carriers  in  responce  to  an  applied 
extemad  electric  field.  In  most  experimented  structures,  the  elctron 
fermi  energy  in  the  emitter  electrode  is  considerably  larger  than  the 
breetdth  of  the  resonemt  tunneling  treunsmission.  Mendez  et  ed.  (1986), 
Coon  and  Liu  (1986),  and  we  (Tabatabaie  1986)have  shown  that  at  low 
temperatures,  the  above  results  in  a  triangular  resonant  tunneling  I-V 
signature  having  a  near  right  angle  at  the  high  bias  side.  The 
transmission  maximum  2uid  minimum  occur  almost  side  by  side,  immediately 
before  and  after  the  resonance  energy  level  is  pulled  down  below  the 
bottom  of  the  emitter  electrode  conduction  b^md.  The  above  is  shown 
schematically  in  Fig.  5.  This  sudden  termination  of  the  resonance 
condition  is  a  conseguence  of  the  oonservation  of  transverse  momentum  euid 
is  responsible  for  the  NDRR. 

Luryi  (1985)  has  proposed  theit  a  similar  I-V  heavier  is  expected  even  if 
phase  coherence  is  not  maintained  throughout  the  barriers  region. 
Furthermore,  we  have  proposed  that  the  breadth  of  the  NDRR  is  determined 
by  the  homogeneous  broadening  of  the  quasistationary  ^ates  within  the 
beurrlers  region  edone  and  does  not  depend  on  temperature.  The  above  is 
significant  since  it  leexls  to  the  use  of  resonant  tunneling  as  a  powerful 
spectrosoopic  technique  with  sub-kT  resolution  at  elevated  temperatures. 
The  observation  of  the  doublet  in  Fig.  2  is  proof  to  that  effect. 

Given  the  I-V  signature  of  a  single  resonance  (Fig. 5),  it  is  interesting 


Fig.  4,  Expanded  scale  I-V  data 
of  a  device  similar  to 
that  of  Fig.  3. 
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to  ocnsider  the  case  where  two  i^ppraxlnately  equal  strength  resonances 
occur  closely  in  energy  as  shown  in  Fig.  6.  If  the  two  processes  are 
independent,  the  sum  rescneuTt  tunneling  current  through  the  structure  hats 
the  shape  reminicent  of  the  observed  doublet  in  Fig.  2.  Two  possible 
mechanisms  which  could  result  in  such  a  resonance  configuration  are 
discussed  in  section  6. 


5.  Resonant  tunneling  spectroscopy 

In  order  to  eisoertadn  the  energy  levels  of  the  observed  eigenstates,  an 
energy  reference  must  be  defined.  The  center  of  the  trapezoidad.  quamtum 
wen  hais  been  customaudly  used  in  the  literature  as  the  reference  level 
with  respect  to  which  ether  energy  levels  aure  stated.  This  choice  is  not 
edways  a  good  one  specially  for  the  extended  field  structures  described 
here.  The  ideal  approach  is  to  directly  calibrate  the  I-V  spectra  with  an 
energy  scale  in  oreder  to  eliminate  the  need  for  aui  energy  reference  as 
well  ais  elifflinactlng  errors  due  to  resistive  voltage  drops.  We  have  used 

determining  such  an  energy  scale  near  the  ground  state  resonance  of  the 
structure  exhibiting  the  doublet.  Using  this  technique,  the  peak-to-peak 
energy  sepauiation  between  the  two  resonamces  was  found  to  be  11  meV. 

6.  The  origin  of  the  doublet  and  the  weak  resonances 

In  this  section  we  discuss  two  mechanisms  which  axe  capable  of  producing 
che  observed  doublet  in  the  I-V  plot  of  Fig.  2.  One  possible  mechanism  is 
the  atffect  of  monolayer  step  variartlons  on  the  resonance  energies  of  the 


Fig.  5.  Dispersion  curves  of  the 
emitter  electrode  and 
the  quantum  well  showing 
various  resonant  tunneling 
transmission  regions. 
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Fig.  6.  The  asymmetric  I-V  plot 
resulting  from  the 
combination  of  two 
identical  resonances 
shifted  in  energy. 
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quantum  walL  Since  the  width  of  the  quantum  well  is  always  an  integral 
number  of  mcnalayerB,  If  it  is  varied  by  one  step  accross  the  latter2d. 
surface  of  the  device,  the  result  is  a  doublet  with  two  distinct 
resonwce  energies.  If  the  area  covered  by  each  of  the  two  possible 
thicknesstes  is  approximately  equal,  the  resulting  resonant  tunneling 
current  will  have  a  signature  similar  to  that  shown  in  Fig.  6.  The 
thickness  of  a  monolayer  in  GaAs  based  structures  is  2.8  8  and  the 
effective  width  of  the  trapezoidal  well  (one  half  of  the  particle 
wavelength  at  ground  state)  in  our  structures  is  90  X.  This  yields  an 
energy  flitting  of  roughly  4  meV,  in  good  agreement  with  the  observed  11 
meV  splitting.  This  mechanism,  however,  does  not  explain  the  existence  of 
the  weak  resonances,  peak  #3  in  Figs.  2  and  3  and  peak  #1  in  Fig.  4, 
obr.erved  in  these  structures. 

We  propose  that  the  triangular  quantum  well  depicted  in  Fig.  1, 
partldpatbes  fully  in  the  tunneling  process.  We  further  propose  that  for 
the  weifer  with  the  70  8  ^laoer  layer  thickness  (Fig.  2),  the  ground  state 
reoonanoea  of  the  two  wells  are  degenerate.  This  leads  to  symmetric  and 
antisymmetric  extended  eigenstates  in  the  wells  resulting  in  the  observed 
split  in  the  eigenvalue  spectrum.  Peak  #3  in  Fig.  2,  therefore, 
corresponds  to  the  first  excited  state  resonance  of  the  triangular  well 
alone.  According  to  this  model,  the  increased  spacer  width  in  the 
structure  of  Figs.  3  and  4  results  in  th  lowering  of  the  ground  state 
resonance  energy  of  the  triangular  well  with  respect  to  that  of  the 
trapezoidal  well.  The  two  wells  are  no  longer  degenerate  amd  the  four 
peaks  in  the  two  figures  correspond  to  individual  well  resonances.  The 
peaks  #1  and  #3  are  identified  as  the  ground  state  and  the  first  excited 
state  resonances  of  the  triangular  well,  respectively.  Similarly,  peaks 
#2  and  #4  are  the  ground  state  and  the  first  excited  state  resonances  of 
the  trapezoidal  well.  We  can  estimate  the  expected  energy  split  due  to 
the  coupling  permutations  from  simple  quantum  mechanics.  Following  Kane's 
approach  (Kane  1969)  and  using  the  effective  mass  approximation,  we 
obtain  a  coupling  split  of  1.3  meV.  This  value  is  substeintially  less  than 
the  observed  11  meV  splitting.  The  discrepency  even  though  unfortunate  is 
not  too  disturbing  given  the  exponential  nature  of  the  tunneling 
formulas. 
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Abj^tt\icj_.  Ceometric  magnetores isiance  techniques  are  used  to  measure 
mobilitv  at  and  11‘^K  in  A-CaAs/(;aAs  and  A- GaAs/InGaAs  MOUFET 

devices,  and  a  (\iAs  MKSFET  device.  The  measurements  are  corrected  for 
parasitic  resistance,  wiiich  is  determined  by  a  new  method  based  on  the 
source-drain  voltage  dependence  of  the  gate  current.  Multi-band  and 
multi-Laver  effects  are  considered.  Tlie  mobility  in  the  2-D  electron 
gits  varies  with  carrier  concent  rat  ion  in  c!u*  expected  way  for  ionized- 
impuritv  scattering,  but  the  situ<ition  is  unclear  !\)r  polar-optical- 
phonon  scattering. 

I .  Int roduc t ion 


Mobility  is  an  important  p.irimeter  for  determining  material  quality  and 
predicting  device  performance.  Usually  mobility  is  measured  by  means  of 
the  Hall  effect,  but  this  technique  requires  a  special  test  pattern.  It 
is  more  advantageous  to  make  the  measurement  in  an  actual  device  structure, 
such  as  a  field-effect  transistor  (FET),  because,  for  example,  the  material 
may  have  been  modified  by  the  device  processing.  In  recent  years  the  geo¬ 
metric  magnetoresistance  (GMR)  teclinique  for  mobility  measurements  has 
been  developed  for  metal-semiconductor  FET*s  (MESFET*s)  (Jay  and  Wallis 
1981,  Look  1985)  and  modulation-doped  FET * s  CMODFET * s)  ( Look  et  al  1985). 
Although  this  method  is  quite  simple  and  convenient  to  use,  the  results 
can  be  Influenced  by  parasitic  resistances,  because  voltages  are  measured 
at  current-carrying  contacts.  It  has  been  shown  that  parasitic-resistance 
effects  are  not  very  Important  for  typical  MESFET  devices  (Look  1985)  but 
the  situation  may  be  different  for  very-short-channel  MESFET's  and  MODFET's, 
especially  at  low  temperatures  for  the  latter.  In  this  paper  we  will 
discuss  a  new  method  for  measuring  parasitic  resistances,  and  apply  it  to 
GMR  measurements  in  a  promising  new  MODFET  material, 

A?,  15^^0  85^^  (Ketterson  et  ^=1  1986).  by  using  a  Schottky 

gate  to  control  the  channel  conductance,  the  dependence  of  mobility  on 
carrier  concentration  can  be  determined. 


2.  Theory 


A  generalized  test  structure,  appropriate  for  FET  or  contact-resistance 
measurements,  is  shown  in  figure  1.  The  ohmic  contacts,  which  are  shaded, 
are  of  length  ^  and  width  w.  The  semiconductor  regions  between  the  ohmic 
contacts  are  of^lengths  etc,,  and  the  Schottky-barrler 
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^ates  have  lengths,  i  ,  £  2’  *g3’  ^  voltage  is  applied  between 

two  of  the  adjacent  ohmic  contacts,  current  will  typically  flow  out  of 
only  a  small  region  of  characteristic  length  JL  (the  "transfer  length"), 
near  the  inner  edge  of  each  contact.  In  the  transmission  line  model  (TLM) , 
normally  used  for  analysis  of  planar  contacts.  It  is  assumed  that  the 
current  flows  vertically  through  the  metal/semiconductor  (M/S)  barrier  into 
the  semiconductor  material  below  the  contact,  and  then  horizontally  into 
the  main  semiconductor  body  (Berger  1972).  The  total  resistance  between 


the  two  ohmic  contacts  separated  by 

=  2R^S  +  + 


'Sk 


•St 


^Sk  Gk 


+  R. 


Gk 
SG  w 


(1) 


where  R,.  and  are,  respectively,  the  M/S-barrier  and  "transfer"  resis¬ 
tances,  together  making  up  the  total  contact  resistance,  and  Rg  and  Rg^, 


Figure  1.  A  generalized  test  structure  useful  for  mobility,  sheet 
resistance,  and  contact  resistance  measurements. 

are,  respectively,  the  ungated  and  gated  portions  of  the  semiconduc t or 
sheet  resistance.  (It  is  assumed  here  that  the  applied  voltage  is  small 
enough  that  Rg_  is  uniform  along  the  length  of  the  gate.)  For  tiu-  FIT 
case,  we  note^that  C|.-^Gk  "  all  k,  where  is  the  "  u  cess- 

length.  Then,  by  detining  the  "parasitic"  resistance  as  = 

2R„g  +  2R^+2Rgyw,  we  get 

\  =  «P  ^  ""sG  ^ 

so  that  the  slope  of  an  R,  vs.  plot  has  y-axis  int  r,  e;  i  K,  , 

slope  Re  /w.  Similarly,  for  the  contact-resistaiice-ineasurem,  ■ 
there  are  no  gates  (standard  "TLM"  pattern),  so  that 

/  , 

\  +  '«T  ^  S  w'  • 

Then,  R  =  Rj,  +  R_  Is  determined  from  the  inter  •  ■  ,  • 
slope.  ''If  the  TLM^ls  truly  valid ,  then  t  he  ",onti.i  ■■ 
by  p  *  w^R^/Rg,  and  the  transfer  length  ■ 

the  normal ized^cont act  resistance,  r^.  =  K  w.  vm 
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quantity  for  device  considerations,  is  Independent  of  the  TUI.  These 
questions  are  discussed  further  elsewhere  (Ketterson  et  al  1985) . 


If  a  perpendicular  magnetic  field  is  now  applied,  then  equation  1  becomes 


where, 
1985) , 


in  the  case  of  more  than  one  band  or  conducting  region  (Look  at  al 

3 
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I 
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n,U. 


iMl 


2  2 

i+up'" 


I 

1 


"l^*! 

2  2 

i+up 


(5) 


with  similar  equations  for  lu,  and  p  .  Equation  5  is  valid  if  the  elec¬ 
trons  are  degenerate,  quantum  effects  are  negligible,  and  Vv/Jlgj^»l.  The 
latter  Inequality  Insures  that  the  GMR  conditions  are  met.  The  validity 
of  equation  4  for  TLM-pattern  analysis  (called  the  "magneto-TLM"  analysis) 
has  been  vertlfled  recently  (Look  1986)  for  GaAs  MESFET's.  In  this  paper, 
we  are  mainly  concerned  with  MODFET  properties. 


Equations  2-4  can  be  used  to  determine  R_  or  R„-  only  if  there  are  at 
least  two  different  spaclngs  ()l_.  or  1  j.)  available  on  the  test  structure. 
If,  however,  only  one  discrete  device  is  being  studied,  then  another 
method  must  be  used.  We  will  discuss  here  a  new  technique  based  on  the 
fact  that  the  ends  of  the  Schottky-barrier  gate  of  an  FET  are  biased  by 
the  source  and  drain  currents  flowing,  respectively,  through  the  source 
and  drain  contact  (and  access)  resistances,  r  and  r  (Look  and  Cooper 
1985,  Look  1986,  Yang  and  Long  1986).  It  can^be  shown  (Look  1986)  that 


where 


6V, 


=  'go 


SG 


F  = 


B  i 


(6) 

(7) 


where  8  °  (q/okT) ,  n  is  the  Ideality  factor,  and  V, 


then 


SD 


=  V''s- 


If 


F  =  e 


-I  6[Vs„+Isrg-Ij,r„] 


(8) 


and,  therefore,  for  two  different  values  of  some  parameter,  equation 
yields 


2nkT 

q 


^^'^SG2'''SG1^  ■  ^''SD2”'^S01^  "  ^'s2”'si^’^S  ■’'^'d2"'d1^*^D' 


6 


(9) 


The  quantity  fg-r^  can  be  determined  by' changing  I  and  I  ,  with  either  a 
current  source  or  power  supply  (cf.  figure  1),  while  simultaneously  vary¬ 
ing  Vg  to  hold  Ig  constant.  Then,  the  full  equation  7  can  be  applied,  with 
rg  as  the  only  unknown.  Once  R^  •  r  +  r  is  known,  the  true  channel 
resistance  Rg^  can  be  obtained, ‘^and  5  calculated  from  the  relationship 
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SG 


1  ^ 


(10) 


By  making  measuremenCs  at  several  values  of  6,  multi-band  and  multi-layer 
effects  can  be  studied  via  equation  5.  For  a  two-band  (or  layer)  problem, 
equation  5  becomes 


2  2 

^G  ^0 


"l  ^'l 
0  Un 


2  2 
l+y^B 

2  2 


"o  >^0 
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l+PoB' 


2„2 


1+Mj^B 


(11) 


If  Oq  and  denote,  respectively,  two  subband  concentrations  in  a  MODFET 
hetero-interface  region,  then  their  ratio  can  be  determined  analytically 
by  the  following  technique.  It  can  be  shown  that 


e  -  i 


1 

—  *  e 


(12) 


where  n^  =  m*kT/n6^  is  the  2-D  density  of  states,  and  where  we  assume 

nerg 

2/3 


determined^ from 


Yi  (ng  +  a^n^J 


0,1 


(13) 


where  is  the  background  acceptor  concentration  in  the  low-bandgap 
material.  The  most  accurate  values  of  the  and  are  obtained  from  a 
fit  of  theoretical  curves  such  as  those  given  by  Stern  and  Das  Sarma  (1984). 
(We  get  Yq  =  6.15x10“^,  Y,  “  8.80xl0~',  =  1.68,  =  2.93,  in  meV.) 

Other  approximations  are  also  available. 


3.  Results 


We  will  apply  these  techniques  to  three  samples:  (A)  a  GaAs  MESFET,  with 
a  AxlO^^cm  100  keV  Si  implant;  (B)  a  standard  ^Ga  ^As/GaAs  MODFET; 
and  (C)  a  recently-introduced  Af._  jcOSq  15^^0  85*®  pseudomorphlc 

MODFET  (Ketterson  et  al  1986).  First  tfie^raagneto-TLM  method  was  used  with 
a  standard,  ungated  TLM  pattern  to  study  the  initial,  unetched  material 
of  samples  A  and  C.  The  sample  C  data  were  analyzed  by  equation  11,  with 
p  ,  and  ",/ng  as  fitting  parameters.  These  results  will  be  discussed 
in  detail  elsewhere,  but  basically  the  values  obtained  for  p,  and  nj^/n^ 
suggested  parallel  conduction  in  the  high-bandgap  material  rather  than 
effects  of  higher  subbands.  Thus,  we  consider  that  the  value  of  Pg  in 
this  case  represents  all  of  the  subbands  in  the  2-D  region.  However,  the 
lowest  subband  tends  to  dominate,  especially  at  low  temperatures, 
according  to  equations  12  and  13.  To  determine  carrier  concentration  in 
this  model,  we  use  the  relationship  Rg  •  e(ngPg  +  Oj^p^)  to  get 
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-1 

"o 


=  eR, 


!  n,U,l 

sor  voi 


Then  n^^  and  n^  =  n^  +  n^^  can  also  be  calculated. 


(14) 


To  vary  n^  it  is  necessary  to  use  a  gated  structure.  Our  test  pattern 
Includes  a  structure  such  as  that  shown  in  figure  1  with  gate  lengths  of 
4,  6,  and  10  pm.  Parasitic  resistances  calculated  from  equation  2  agree 


Figure  2.  Mobility  vs.  sheet  carrier  concentration  data  for  three  FET- 
type  structures:  (A)  a  GaAs  MESFET;  (B)  an  Af-  oGSf.  jAs/GaAs  MODFET;  and 
(C)  an  A«o_^5Gao_g5As/Ing  ^5Gag  As  MODFET.  O’ 

reasonably  well  with  those  calculated  from  equation  9.  The  moollitles  for 
various  B  and  V  were  calculated  from  equation  10  and  fitted  with  equation 
11.  However,  because  n^Pj^  was  in  general  small,  it  was  difficult  to  get 
accurate  values  of  n.  and  p..  Thus,  to  study  p,  vs.  ng  In  this  case,  we 
simply  approximate_j^  Pg  =Pgp(9kG)  at  296°K,  and^p^  ~  Pgp(4.5>tG)  at  77°K, 
with  n.  -  (ep„„R__)  .  At  these  magnetic  fields,  p  B<1  for  most  of  the 

data. 

The  data  are  presented  in  figure  2.  Sample  A,  the  MESFET,  shows  increas¬ 
ing  p_  as  ng  decreases.  This  phenomenon  is  due  to  the  fact  that  the 
undepleted  region  moves  toward  the  substrate/active-layer  interface  in  a 
MESFET,  as  the  gate  is  biased  more  negatively.  Since  the  ionized  impurity 
concentration  is  tailing  off  in  the  Interface  region,  the  nobility  should 
increase,  although  somewhat  mitigated  by  the  loss  of  screening.  (In  some 
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cases,  however,  a  poor  Interface  can  actually  lead  to  a  decreased 
mobility.) 

The  MODFET  material  differs  In  that  the  lonized-impurlty  scattering  Is 
mainly  due  to  distant  donors  In  the  high-bandgap  material.  Furthermore, 
the  electrons  being  sampled  at  a  given  gate  bias  are  not  much  farther  from 
these  donors  than  the  electrons  which  are  sampled  at  a  more  positive  bias 
(the  MODFET's  also  have  3oX  spacer  layers).  However,  the  numbers  of 
electrons  are  changing  with  gate  bias,  so  that  Fermi-wave-vector  and 
screening  effects  tend  to  be  more  Important,  as  evidenced  by  the  strong 
dependences  of  jigg  on  ng  at  77‘’K.  These  effects  have  been  studied  In 
detail  before,  and  are  fairly  well  understood  (Hlrakawa  and  Sakaki  1986). 

At  296“K,  however,  polar-opticai-phonon  scattering  Is  dominant  In  MODFET- 
type  devices,  and  this  mechanism  Is  not  well  understood  as  yet.  For 
example,  there  seems  to  be  disagreement  on  whether  p  should  Increase  or 
decrease  as  ng  Increases  (Hlrakawa  and  Sakaki  1986,  Das  Sarma  and  Mason 
1985).  In  figure  2  we  see  that  for  sample  C  at  296“K,  Pg  Increases 
strongly  with  ng,  at  low  ng,  while  for  sample  B,  no  definite  pattern  is 
apparent.  A  detailed  discussion  of  this  behavior  is  not  possible  in  this 
paper  but  it  is  clear  that  both  theoretical  and  experimental  aspects  of 
this  problem  need  to  be  studied  further. 
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Improved  77K  performance  of  AlAs/GaAs  superlattice  heterostructure 
field-effecMransistors  (SLHFET) 


M.  Heuken,  W.  Prost ,  S.  Kugler,  K,  Heime,  Universitat  Duisburg 
D-4100  Duisburg  1 .  FRG 

W.  Schlapp.  G.  Weimann,  FI  der  Deutschen  Bundespost 
D-6100  Darmstadt,  FRG 

Abstract : 

Conventional  AlGaAs  doped  HFETs  show  degradation  of  their  77K 
performance  in  darkness.  This  paper  reports  the  77K  performance 
of  HFETs  with  undoped  AlAs/  doped  GaAs  superlattices  grown  by 
MBE.  The  77k  Hall  mobility  is  130000cm‘/Vs  in  the  dark  and 
under  illumination.  T^e  mobility  in  the  highest  subband  of  the 
2DEG  exceeds  200000cm^/ Vs .  Device  degradation  in  darkness  is 
strongly  reduced.  Low  frequency  noise  and  Photo-FET  investi¬ 
gations  were  carried  out  in  order  to  study  the  trap  influence 
on  device  behaviour.  The  concentration  of  deep  donors  and  the 
number  of  different  deep  acceptors  is  lower  than  in  conven¬ 
tional  AlGaAs/GaAs  HFETs.  This  result  supports  a  model 
(KASTALSKY  et  al.  1985)  on  77K  HFET  degradation. 

1  .  Introduction 

High  electron  mobilities  are  achievable  in  a  two  dimensional 
electron  gas  (2DEG)  at  the  interface  between  doped  AlGaAs  and 
undoped  GaAs  due  to  the  reduced  Coulomb  scattering,  especially 
at  low  temperatures.  However  in  a  heterostructure  field-effect 
transistor  (HFET)  with  high  electric  fields  in  the  channel 
device  degradations  are  reported  at  cryogenic  temperatures 
(Fischer  et  al.  1983).  e.g.  persistent  photoconductivity.  I-V 
characteristic  collapse  and  threshold  voltage  shift.  A  deep 
trap  related  to  a  donor-Al  complex  (DX-center)  is  responsible 
for  these  effects  in  HFET  with  homogenious  AlGaAs:  Si  doping 
layer.  In  addition  recent  results  (Kastalsky  et  al.  1985) 
indicate  that  deep  acceptors  contribute  to  the  degradation, 
too . 

Device  improvement  is  possible  by  using  a  superlattice  (SL) 
doping  layer  consisting  of  a  series  of  thin  layers  of  undoped 
AlAs  and  Si-doped  GaAs  (Baba  et  al.  1983).  In  this  structure 
the  DX-center  formation  and  the  large  binding  energy  of  Si 
donors  in  AlGaAs  are  avoided.  Such  SLHFETs  were  fabricated  and 
investigated  by  several  electronic  and  optoelectronic  methods. 
Donor  and  acceptor- 1 ike  traps  were  detected  and  their  influence 
on  device  performance  was  studied. 

2.  SLHFET  Structure  and  Device  Fabrication 

Figure  1  illustrates  the  layer  sequence  and  the  corresponding 
t  1987  lOP  Publishing  L(d 
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band  diagram.  Two  different  configurations  were  investigated.  A 
1  wm  thick  undoped  GaAs  buffer  layer  is  grown  on  a  (100)  orien¬ 
ted  semiinsulating  substrate  by  MBE  for  both  samples.  Samples 
of  type  1  consist  of  a  three  period  AlAs  (1,6nm)/GaAs  (2,0nm) 
undoped  spacer  layer  followed  by  seventeen  GaAs  (2,0nm)/AlAs 
(1.6nm)  layer^g  wh^ch  form  the  superla tt ice .  Only  the  GaAs  is 
doped  (1.2x10  cm  '^ )  by  silicon.  Samples  of  type  2  consist 

'  two  period  AlAs  (1.0nm)/GaAs  (1,7nm)  undoped  spacer  layer 
and  a  superlattice  of  twenty  Si  doped  (1.2x10  °cm  ")  GaAs 
( 1 . 7nm) /undoped  AlAs  (2.0nm)  layers.  A  20,0nm  undoped  GaAs  top 
layer  serves  as  surface  protection  and  facilitates  ohmic 
contact  formation.  Gate  length  and  gate  width  of  the  SLHFET 
were  1.3um  and  200um .  respectively.  Au/Ge/Ni  ohmic  contacts 
with  a  contact  resistivity  below  0.2^?mm  were  used. 

3  Experimental  Results  and  Discussion 

Figure  2  shows  the  I-V  characteristic  of  a  SLHFET  of  type  1  at 
T=300K.  The  saturation  drain-source  current  is  6mA  and  the 
transconductance  is  gmmax=50mS/mm .  The  sl^^et  2^3ttier  concen¬ 
tration  n  of  this  device  is  only  4.4x10  cm”  .  which  is 
constant  fn  the  300-77K  temperature  range.  Higher  values  of 
n^  are  possible  by  increasing  the  doping  concentration  in  the 
GaAs  layers.  Devices  of  sample  2  with  a  tw^^period  spacer  layer 
show  a  sippet  carrier  concentration  of  6.  lx  cm”  at  300K 
and  7x10  cm”  at  77K  with  identical  doping  concentration 
in  the  GaAs.  This  may  be  an  effect  of  the  thinner  spacer 
layer.  The  other  characteristics  of  these  devices  are  compa¬ 
rable  to  that  of  sample  1  . 

If  the  device  is  cooled  down  in  the  dark,  an  I-V  collapse, 
which  is  typical  for  electron  capture  by  DX  centers,  does  not 
occur  (see  fig.  3).  Simultaneously  the  threshold  voltage  is 
shifted  by  0.2V  only.  The  drain  source  current  saturates  at 
15mA  in  the  dark.  If  the  device  is  illuminated  by  white  light 
the  saturation  current  increases  to  17mA  due  to  band-band 
generation  of  electrons  but  the  transconductance  remains  almost 
unchanged  at  gmmax  =  120  mS/mm.  The  light  sensitivity  was 
studied  in  more  detail  using  ungated  FET  structures 
(Lp„=5um).  The  devices  were  cooled  down  in  the  dark  and 
single  sweep  I-V  measurements  were  carried  out  while  the  device 
was  illuminated  with  light  of  various  photon  energies.  Figure  4 
shows  that  the  main  current  increase  appears  in  the  range 
0 . 44eV<h . v<0 . 52eV .  That  means  the  trap  level  responsible  for 
the  remaining  light  sensitivity  has  an  activation  energy  in 
this  energy  range.  The  current  increase  is  not  persistent  if 
the  illumination  is  interrupted.  The  absence  of  both  persistent 
photoconductivity  and  I-V  characteristic  collapse  indicate  that 
due  to  the  superlattice  the  influence  of  deep  levels  is  strong¬ 
ly  reduced.  Further  trap  investigations  were  carried  out  by 
Photo-FET  and  low  frequency  noise  measurements  in  fully  pro¬ 
cessed  devices.  With  the  Photo-FET  technique  ( Heuken  et  al. 
1985,  Tegude  et  al.  1984)  optically  induced  drain  current 
variations  are  measured.  Activation  energies  of  deep  levels  can 
be  deduced  from  thresholds  in  the  drain  current  variation  at 
certain  photon  energies.  A  typical  spectrum  of  a  SLHFET  is 
shown  in  fig.  5.  The  investigations  were  carried  out  at 
different  bias  combinations.  The  detected  trap  levels  appear 
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nearly  independent  of  the  applied  gate-source  and  drain-source 
voltages.  This  indicates  that  the  traps  responsible  for  the 
effects  are  located  outside  the  gate  space  charge  region. 
Donor-like  levels  with  an  activation  energy  of  0.43  and  0.47eV 
were  detected  at  room  temperature.  By  means  of  the  DLTS 
technique  a  thermal  activation  energy  of  the  main  electron 
level  of  about  0.5  -  0.6eV  were  detected  by  Baba  et  al.  (1985) 
in  similar  AlAs/n-GaAs  superlattice  structures.  Since  the 
amplitude  of  the  Photo-FET  signal  is  correlated  to  the  trap 
concentration  the  0.47eV  donor  like  trap  is  the  main  electron 
trap  in  this  sample.  This  trap  level  is  responsible  for  the 
remaining  light  sensitivtiy  of  the  sample  (see  fig.  4).  The  two 
acceptor- 1 ike  trap  levels  detectable  in  this  samples  have 
activation  energies  of  0.39  and  0.60eV.  The  number  of  different 
acceptor  like  trap  levels  is  strongly  reduced  compared  with 
conventional  AlGaAs/GaAs  HFETs.  This  fact  and  the  excellent 
device  performance  at  low  temperatures  in  the  dark  support  a 
model  (Kastalsky  et  al.  1986)  according  to  which  acceptor-like 
trap  levels  are  responsible  for  the  threshold  voltage  shift  at 
low  temperatures.  In  addition  low  frequency  noise  measurements 
at  low  fields  in  the  channel  were  performed. 

Genera t i on- recombi na t ion  processes  at  deep  levels  result  in  low 
frequency  noise  with  Lorent zian-type  spectra.  Trap  activation 
energies  can  be  deduced  from  the  temperature  dependence  of 
these  spectra  ( Loreck  et  al.  1984).  At  room  temperature  SLHFETs 
have  a  low  frequency  noise  power  which  is  an  order  of  magnitude 
smaller  than  that  of  conventional  HFETs.  By  measurements  in  the 
temperature  range  50-400K  and  frequency  range  1HZ-25KH2  elec¬ 
tron  trap  levels  w  i  th  E  =0 . 36eV  and  E_=0 . 59eV  were  detec¬ 
ted.  When  comparing  the  results  of  the  Photo-FET,  DLTS  (Baba  et 
al.)  and  noise  measurements  it  has  to  be  recognized  that  there 
IS  a  difference  in  the  optical  and  thermal  activation  mechanism 
of  traps  ( Frank-Condon  shift)  and  usually  the  measuring 
temperatures  are  different.  In  addition  nothing  is  known  about 
trap  behaviour  in  such  thin  superlattice  layers.  At  present  it 
is  not  possible  to  correlate  the  measured  activation  energies 
with  transitions  from  traps  into  energy  levels  in  the  super¬ 
lattice.  Deep  traps  in  the  GaAs  buffer  layer  may  also 
contribute  to  Photo-FET  and  noise  signals. 

With  those  problems  in  mind  a  trap  levelA  E,j,=  0 . 3  7  eV  only 
detected  with  the  Photo-FET  technique  at  low  temperatures  and 
the  trap  level  .  £,^,=0 . 36eV  detected  with  LF  noise  measurements 
are  in  good  agreement.  The  trap  level  AE,j,=0.43eV  is  only  weak 
and  probably  not  detectable  with  the  LF  noise  method.  The 
optically  detected  threshold  of  0 . 4 7eV  and  the  thermal 
activation  at  0.59eV  may  correspond  to  the  same  trap.  This 
conclusion  is  supported  by  the  fact  that  no  other  transitions 
are  observed  between  0.47  and  0.59eV  neither  by  optical  nor  by 
thermal  activation.  Hall  measurements  gave  77k  Hall  mobility 
values  of  130000cm  /Vs  and  1 23000cm'^/Vs  for  sample  1  and  2. 
respectively.  Carrier  transport  properties  especially  mobility, 
transconductance  and  gate-modulated  carrier  concentration  were 
monitored  by  the  maqnetot ransconductance  profiling  method 
extended  to  HFETs  (Frost  et  al.  1985).  The  measurements 
represent  the  carrier  concentrations  and  mobilities,  which  are 
available  for  the  ac  operation  of  the  device  for  a  given  dc 
gate  voltage. 
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The  room  temperature  mobility  (8000cm  /Vs)  is  almost 
independent  of  the  gate  voltage  V  •  Under  forward  bias  V* 
no  mobility  degradation  is  observed,  indicating  that  parallel 
conductance  in  the  superlattice  is  absent.  This  is  supported  by 
the  I-V  characteristic  of  fig.  3.  The  mobility  versus  gate 
bias  at  cryogenic  temperatures  is  plotted  in  fig.  6.  At  77K  the 
mobility  increases  rapidly  at  forward  bias  up  to 
2x10  cm^/Vs.  representing  the  mobility  in  the  highest 
subband  of  the  2DEG.  Again  no  parallel  conductance  in  the 
superlattice  appears. 

4.  Conclusion 

To  ensure  proper  operation  of  HFETs  at  cryogenic  temperatures 
several  drawbacks  such  as  persistent  photoconductivity, 
collapse  of  the  I-V  characteristic  and  high  low-frequency  noise 
level  have  to  be  solved.  Improvement  of  HFETs  is  possible  by  a 
spatial  separation  of  A1  and  Si  atoms  using  AlAs/n-GaAs : Si 
superlattices  as  doping  layer  in  a  FET.  Electronic  and 
optoelectronic  investigations  reported  here  underline  the  high 
device  qualitiy  obtainable  with  these  structures.  A  reduced 
light  sensitivity,  no  persistent  photoconductivity  and  a  low 
threshold  voltage  shift  were  achieved  using  these 
superlattices.  The  extremely  low  concentration  of  donor-like 
trap  levels  was  experimentally  proved  by  low  frequency  noise 
measurements  and  by  Photo  FET  investigations.  The  small  number 
of  acceptor-like  levels  detected  with  the  Photo  FET  technique 
is  another  characteristic  of  this  novel  structure.  Properly 
designed  superlattice  layer  sequences  and  excellent  quality  of 
MBE  grown  layers  result  in  high  mobility  devices  with  good 
pinch  off  behaviour. 

Acknowledgement 

Authors  are  thankfull  to  G.  Howahl  and  M.  Bohm  for  device 
preparation.  The  technical  assistance  by  R.  Tilders  is  very 
much  appreciated. 

References 

-  Baba  T. .  Mizutani  T. .  Ogawa  M..  J983.  J . J . Appl . Phys .  22,  627 

-  Fischer  R.,  Drummond  T.J..  Kopp  W.,  Morkoc  H..  Lee  K., 

Schur  H.S.,  1  983,  Electr.  Lett.,  Vol  .  1  9  ,  No  .  1  9  .  "^89 

-  Baba  T.  .  Mizutani  T.,  Ogawa  M.,  1986,  J. Appl. Phys.  59,  526 

-  Heuken  M.,  Loreck  L.,  Heime  K.,  Ploog  K.,  Schlapp  W., 

Weimann  G.,  1986,  IEEE  Trans.  Electron  Dev.,  ED-33.  No. 5.  693 

-  Kastalsky  A.,  Kiehl  R . , 1  986  .  IEEE  Trans . Elect ron . Dev . .  ED-33. 
No . 3 ,  414 

-  Loreck  L. ,  Dambkes  H.,  Heime  K..  Ploog  K.,  Weimann  G., 

1  984,  IEEE  Electr.  Dev,  Lett..  EDL-5,  No .  1 ,  9 

-  Prost  W.,  Brockerhoff  W. ,  Heime  K..  Ploog  K.,  Schlapp  W. . 
Weimann  G..  Morkoc  H,,  1986,  IEEE  Trans . Electron  Dev.,  ED-33. 
No . 5 ,  646 

-  Tegude  F.,  Heime  K.,  1984,  Inst.  Phys.  Conf.  Ser .  No. 74, 305 


568  Gallium  A  rsenide  and  Related  Compounds  1986 


Inst.  Phys.  Conf.  Ser  Na  83:  Chapters 

Paper  presented  at  Int.  Symp.  GaAs  and  Related  Compounds.  Las  yegas,  Nevada.  1986 


569 


Strained  N-Gao.7Alo.3As/lno.23Gao.77As/GaAs2DEG  FET  with  large  band 
offset 


A.  Okamoto,  H.  Toyoahlma  and  K.  Ohata 

Microelectronics  Research  Laboratories, 

NEC  Corporation,  4-1-1,  Miyanae-ku,  Kawasaki  213  Japan 

Abstract  Strained  N-GaQ  yAln  oAs/InQ  230^0  ^.^ka/Gaha  2DEG  FETs  with 
large  bandoffset  were  fabricated  ancfhigh^  values  of  275  and  425 
mS/oun  were  obtained  for  FETs  of  0.5  pm-gate  at  300  K  and  77  K, 
respectively.  By  using  strained  InGaAs  layers,  sheet  resistance  is 
reduced  to  be  about  500  oha  l.e.,  about  two  third  of  that  in 
conventional  H-GaAlAs/GaAs  modulation-doped  structures.  The  FETs  with 
0.5  pm-gate  exhibited  a  minimum  noise  figure  of  1.2  dB  with  the 
associated  gain  of  11.6dB  at  12  GHz. 

1.  Introduction 

N-GaAl As/GaAs  modulation-doped  FETs  have  been  demonstrating  excellent 
performance  as  low  noise  or  high  speed  devices.  However,  their 
disadvantage,  that  the  sheet  carrier  density  of  the  two  dimensional 
electron  gas  (2DEG)  is  rather  low,  causes  high  source  resistance  and  low 
saturation  current  for  FETs.  The  authors  Introduced  a  strained  InGaAs 
layer  between  GaAs  and  GaAlAs  layers  to  Increase  bandoffset,  and 
observed  high  2DEG  density  of  about  twice  more  than  that  of 
conventional  modulation-doped  structures.  Furthermore,  FETs  were 
fabricated  and  good  performance  was  achieved. 

The  lattice  constant  of  InAs  is  larger  than  that  of  GaAs  or  AlAs  by  7  %, 
and  thus,  InGaAs  is  lattice-mismatched  to  GaAs.  However,  an  epilayer 
without  dislocations  can  be  grown  on  GaAs  substrate  when  the  thickness 
of  InGaAs  layer  is  thinner  than  the  critical  layer  thickness  given  by 
Matthews  et  al  (1974).  Although  InGaAs  strained  layers  have  been 
employed  for  FETs  (Zlpperlan  et  al  1985,  Rosenberg  et  al  1985,  Masselink 
et  al  1985,  Morkoc  et  al  1986,  Henderson  et  al  I986},  the  importance  of 
large  band  discontinuity  has  not  been  studied  yet.  This  paper  describes 
the  electrical  properties  of  the  strained  modulation-doped  structures, 
FET  performances,  and  their  advantages. 

2.  Experimental 

Molecular  Beam  Epitaxy  (MBE)  was  employed  to  fabricate  the  modulation- 
doped  structures  with  large  band  discontinuity  shown  in  Fig.  1,  where  Al 
composition  of  GaAlAs  is  fixed  as  0.3  and  In  composition  was  varied.  On 
seml-lnsulating  GaAs  substrate,  grown  were  an  undoped  GaAs  of  8000  A,  an 
InGaAs  layer,  an  undoped  GaAs  or  GaAlAs  spacer  layer,  a  Si-doped 
GaQ  3AIQ  yAs  of  500  A  and  an  undoped  GaAs  cap  layer  of  100  A.  Doping 
concentration  was  2  x  10'”om~3.  jq  composition  and  spacer  thickness  were 
varied  to  study  the  electrical  properties  for  the  strained  modulation- 
doped  structures.  The  In  composition  and  the  layer  thickness  of  InGaAs 
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3-  Results  and  dlsousslon 

3<1  Two  dimensional  electron  gas  of  strained  heterostruoture 

Hall  effect  measurements  were  carried  out  for  the  modulation-doped 
structures  with  different  In  compositions.  Figure  3  shows  the  mobility, 
2DEG  density  and  sheet  resistance  as  a  function  of  In  composition.  No 
spacer  layer  was  employed.  While  mobility  decreases  with  Increasing  In 
cooMsltlpn,  the  sheet  carrier  density  Increases  and  high  value  of  2.2  x 
10'^  cm~^  was  obtained  at  0.3  In  composition.  The  sheet  resistance  Is 
minimized  at  In  composition  of  0.23,  and  the  magnitudes,  480  ohm  at  RT 
and  220  ohm  at  77K,  are  about  two  third  of  those  for  conventional 
structures.  The  dashed  line  Indicates  the  calculated  sheet  carrier 
concentration  by  solving  Poisson's  equation  with  simple  triangle 
potential  approximation  for  InGaAs  region.  Furthermore,  the  conduction 
bandoffset  between  InGaAs  and  GaAlAs  Is  assmed  to  be  two  third  of  the 
energy  bandgap  difference.  The  figure  shows  the  measured  Ns  Is  slightly 
more  than  the  calculated  one.  The  simple  estimation  of  bandoffset 
suggests  that  the  bandoffset  between  Inn  o^Gan 'ttAs  and  Gan  ^Aln  ?As  be 
more  than  0.40  eV. 


Fig.  3  ju,  Ng  and  R  as  a  function  Fig.  4  p,  N-  and  R  as  a  function 
of  In  composition.  of  GaAlAs  spacer. 
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The  Introduction  of  undoped  spacer  layers  separates  2DEG  from  donors  In 
the  doped  region  and  enhances  the  nobility.  Ve  studied  the  spacer  effect 
on  undoped  GaAlAa,  for  the  modulation-doped  structures  with  120  A 
^°0.23^^0.77*^  layers.  Figure  4  shows  the  dependence  of  Hs  on  GaAlAs 
spacer  layer.  The  mobilities  for  20  A  spacer  were  6300cm^/Vs  at  room 
temperature  and  19,000cm^/Vs  at  77  K.  However,  the  mobility  at  77  K  does 
not  Increase  more  than  20,000cm^/Vs  with  the  Increase  of  the  spacer 
thickness.  It  Is  not  clear  at  this  stage  how  the  strain  Influences  the 
electron  scattering  mechanism.  The  sheet  carrier  density  decreases 
monotonously  with  the  spacer  thickness  and,  consequently,  the  sheet 
resistance,  170  ohm,  was  obtained  for  a  40  A  spacer  at  77  K.  It  Is 
concluded  from  these  results  that  the  strained  modulation-doped 
structure  of  In  composition  of  0.23  with  a  20  to  40  A  GaAlAs  spacer 
layer  Is  the  most  promising  as  an  epitaxial  layer  structure  for  FETs. 

3.2  Device  Characteristics 

Figure  5  shows  DC  characteristics  of  the  fabricated  FET  at  room 
temperature,  where  the  gate  length  and  the  width  are  0.5  pm  and  200  >n, 
respectively.  Although  plnch-off  voltage  Is  scoewhat  deep,  2.0  V,  and 
gm  compression  with  gate  voltage  near  0  V  is  observed,  maximum 
transconductance,  was  275  mS/mm.  Furthermore,  gm^ax  mS/mm 
was  obtained  for  the  0.5  jim  gate  FETs  at  77  K.  Figure  6  shows  the 
dependence  of  g^,  on  gate  length.  The  FET  performance  of  short  gate 
length  la  dcmilnated  by  the  saturation  velocity  of  electrons.  On  the 
other  hand,  I-V  characteristics  are  dominated  by  the  electron  mobility 
for  long  gate  FETs  and  g^,  tends  to  be  inversely  proportional  to  gate 
length.  Compared  with  the  conventional  QaAlAs/GaAs  or  AlInAs/lnCaAs  2DEG 
FETs,  gj,  of  the  FETs  decreases  with  gate  length  more  significantly 
at  77  K,  and  the  behavior  Is  due  to  rather  low  2DEG  mobility  In  the 
strained  quantum  wells  at  low  temperature.  In  spite  of  the  performance 
of  the  long  gate  FETs  ,  short  gate  FETs  are  promising  because  of  large 
sheet  carrier  density  and  high  saturation  velocity  of  electrons. 


Fig.  5  DC  characteristics  of  0.5  urn-gate  FET. 
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Fig.  6  gg,  as  a  function  of  gate  Fig.  7  Resistance  between  source 
length.  and  drain  of  FETs  as 

a  function  of  gate  length. 

Resistance,  R,  between  source  and  drain  of  FETs  with  various  gate  length 
gives  the  source  resistance  Rs  as  shown  in  Fig.  7.  Since  the  geometry  of 
source  and  drain  Is  symmetric,  R  Is  expressed  by 

R  =  2R3  +  (Lg  /Wg)xR^,h 

where  R^^,  Is  sheet  resistance  under  the  gate,  Lg  Is  gate  length  and  Wg 
Is  gate  width.  The  estimated  R3  was  0.61  ohm  mm  and  0.31  ohm  mm  at  RT 
and  77  K,  respectively.  Since  the  sheet  resistance  Is  about  550  ohm,  the 
contact  resistance  must  be  rather  high,  more  than  0.33  ohm. 

From  the  obtained  g^j  and  R3,  Intrinsic  transconductance  gg,Q  is  evaluated 
by  the  equation: 

®mo  “  8in^^^“®m^s^' 

and  they  were  330  mS/mm  and  490  mS/mm  at  room  temperature  and  77  K, 
respectively.  Furthermore,  the  average  electron  velocity,  V3,  is 
estimated  assimilng  the  short  channel  approximation: 

^a  ~  *mo^^g 

where  C.  Is  gate  capacitance,  which  Is  calculated  by  considering  the 
GaAlAs  thickness,  430  A,  and  the  distance  from  the  heterointerface  to 
the  center  position  of  ^EG,  60  A.  The  average  electron  velocity,  V3, 
was  found  to  be  1.5  x  10*  and  2.3  x  10'  cm/sec  at  room  temperature  and 
77  K,  respectively.  They  are  nearly  equal  to  those  for  the  conventional 
GaAlAs/GaAs  2DEG  FETs  and  good  transport  properties  were  shown.  Since 
large  N3  and  good  transport  of  2I£Gs  are  proved,  gg  compression  shown  in 
Fig.  5  might  be  due  to  the  nonlinear  I-V  characteristics  of  ohmic 
contact. 

RF  performance  was  measured  by  the  pel-shape  FET  with  two  gate  pads  at 
12  OKz  and  gain  and  noise  figure  were,  respectively,  11.6  dB  and  1.2  dB 
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Further  process  improvement  leading  to  lower  contact  resistance  and 
lower  threshold  voltage  will  enhance  performance  of  these  FETs  using  the 
proposed  strained  modulation-doped  structures. 

4.  Conclusions 

Strained  N-GaAs/It^Ga^  „As/GaQ -AIq  modulation-doped  structures  were 
fabricated  by  HBE  and  nigh  2bEG  concentration  of  2  x  10  '^cm~^  was 
observed.  With  Increasing  In  composition,  mobility  decreases  while  2DEG 
density  Increases,  and  it  is  found  that  the  sheet  resistance  is 
minimized  at  In  composition  of  0.23.  Strained  N-GaQ  ^Al q jAs/ 
^"0.23^^0.77^^^^^^^  were  fabricated  and  high  g_  value  or  275 

and  M25  mS/mm  were  obtained  for  FETs  of  0.5  >im-gate  at  100  K  and  77  K, 
respectively.  By  using  strained  InGaAs  layers,  sheet  resistance  is 
reduced  to  be  about  500  ohm  i.e.,  about  two-third  of  that  In 
conventional  N-GaAlAs/GaAs  modulation-doped  structures.  The  FETs  with 
0.5  >im-gate  exhibited  a  minimum  noise  figure  of  1.2  dB  with  11.6  dB 
associated  gain  at  12  GHz.  The  proposed  modulation-doped  structures  and 
FETs  demonstrated  In  this  paper  clearly  Indicate  the  possibilities  for 
better  performance  of  2DEG  FETs  compared  to  the  conventional 
GaAlAs/GaAs  FETs. 
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Selectively  doped  AlINAs/GalnAs  heterostructures  grown  by  MOCVD  and 
their  application  to  HIFETs  (Hetero>Interface  FETs) 
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SONY  Corporation  Research  Center 

174  Fujltauka-cho,  Hodogaya-ku.  yokohaaa,  JAPAN  240 

Abstract.  Selectively  doped  AlInAs/GalnAs  heterostructures 

lattice-matched  to  inP  were  successfully  grown  by  atmospheric-pressure 
MOCVD  using  trimethylmetals.  Mobility  as  high  as  11700cm*/Vs  at  room 
temperature  with  a  sheet  carrier  density  of  2.6xl0^*cm-*  was  obtained. 
He  fabricated  a  HIFET  (Hetero-Interface  FET)  Itun  in  gate  length  using 
the  heterostructure,  and  It  showed  a  transconductance  of  404mS/mm  at 
room  temperature, 

I.  Introduction 

Selectively  doped  AlInAs/GalnAs  heterostructures  have  attractive  features 
for  high  speed  devices  such  as  high  electron  mobility,  large  saturation 
velocity,  and  large  discontinuity  of  the  conduction  band  edge  (Pearsall 
1984).  The  crystal  growth  of  this  system  has  mainly  been  done  by  MBE 
(Hlrose  et  al  198S),  however,  we  reported  the  first  MOCVD  growth  of  this 
system  (Kamada  et  al  1980.  In  the  previous  paper,  we  used 
trlethylmetals  as  source  materials  and  demonstrated  the  high  mobility  of 
the  selectively  doped  heterostructures.  In  this  study,  we  report  the 
crystal  growth  using  trimethylmetals  to  obtain  purer  and  more  uniform 
epitaxial  layers. 

2.  MOCVD  growth 

We  used  the  atmospheric-pressure  MOCVD  method.  The  substrates  were 
2-lnoh-dlameter  (100)  Fe-doped  seml-lnsulatlng  InP.  They  were  etched  by 
a  mixture  of  H^SO^ :Hj0:H,0,>S :1 :1  heated  at  -00 1;  for  2mln  before  the 
MOCVD  growth.  The  source  materials  of  group  III  (trimethylnetals:  TMA, 
IMG.  and  TMI)  and  of  group  V  (arsine,  AsH,)  were  mixed  near  the  leading 
edge  of  the  substrate  to  minimize  parasitic  gas-phase  reactions.  To 
obtain  abrupt  heterostructures,  the  gas  flow  had  a  very  high  speed  of 
about  Im/sec.  The  growth  was  continuous  without  any  Interruption.  The 
substrates  were  rotated  during  the  growth  to  obtain  good  uniformity  of 
the  epitaxial  layers.  The  growth  temperature  was  640*C.  pnd  excellent 
morphology  was  obtained.  The  typical  growth  rate  was  about  sX/sec. 

Figure  1  shows  the  relation  between  the  TMI  flow  rate  and  the 
compositional  ratio  (l-x)/x  In  the  Al^^In.  As  epitaxial  layers.  The 
composition  of  the  epitaxial  layer  was  evaluated  by  measuring  the  lattice 
mismatch  (Aa/a)  between  the  epitaxial  layer  and  the  substrate  by  an 
X-ray  diffractometer  assuming  Vegard’s  law.  The  linear  relation  In 
this  figure  Indicates  that  the  compositional  ratio  of  In  to  Al  la 
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proportional  to  the  ratio  of  the  gaa  flow  rate  of  TMI  to  TMA.  By 

controlling  the  gaa  flow  rates,  we  suppressed  the  lattice  nlsutoh 
within  ^l.SxlO-*.  The  value  oorresponds  to  a  deviation  of  0.2%  In 
ooaposlUon.  To  examine  the  energy  gap  ohange  caused  by  the 
OMposltlonal  change,  we  performed  photolualnesoence  measurements  of  the 
undoped  AlInAs  layers  at  77K.  Figure  2  shows  the  relation  between  the 
photolumlnesoenoe  energy  and  the  deviation  of  the  A1  composition  (Ax)  of 
the  epitaxial  layer  from  the  oomposltlon  corresponding  to  lattice 
mathoblng  (x-0.479).  Each  layer  has  two  photolualnesoence  peaks  — 
labeled  A  (open  circles)  for  the  higher  energy  peaks,  or  B  (closed 
circles)  for  the  lower  energy  peaks.  Both  peaks  Increase  In  energy  as  Ax 
Increases,  corresponding  to  the  Increase  In  the  energy  gap  of  the  AlInAs 
layers.  This  dependence  of  the  higher  energy  peaks  Is  quantitatively  the 
sane  as  the  data  of  the  AlInAs  layers  grown  by  MBE  (Wakefield  et  al 
19>4).  The  lower  peak  may  be  an  acceptor-related  peak. 


Flg.l  Relation  between 
the  TMI  flow  rate  and 
the  compositional 
ratio  (l-x)/x  in  the 
Al^Ittj_jjAs  layers. 


Fig. 2  Relation  between  the  photolualnesoence 
energy  of  undoped  AlInAs  layers  and  the 
deviation  of  the  Al  composition  (Ax)  of  the 
epitaxial  layer  from  the  composition 
corresponding  to  lattice-matching  (x-0.479). 


The  undoped  OalnAs  layer  was 
n  type  with  a  carrier  density 
of  about  IxlO^'on-',  and  it 
showed  a  nobility  as  high  as 
10100cn*/Vs  at  BOOK.  Figure  3 
shows  the  photolualnesoence 
spectrum  from  an  undoped  OalnAs 
layer  measured  at  4.2K.  Only 
an  exclton-related  peak  with  a 
full  width  at  half  maximum 
(FWIM)  of  3.4neV  Is  observed, 
and  there  is  no  acceptor- 
related  peaks. 

Fig. 3  Photolumlnesoenoe 
spectrum  from  an  undoped  OalnAs 
layer  measured  at  4.2K. 
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Dlsllane  (Sppa  Sl^Hf  In  H,  base) 
was  used  for  n  type  doping  to 
AlInAs.  Figure  4  shows  the 
relation  between  the  Sl^H^  flow 
rate  and  the  carrier  density.  The 
relation  Is  alaost  linear.  But 
there  Is  a  saturation  behavior  In 
the  case  of  high  doping,  and  the 
■axlaua  doping  density  Is 
6xl0^*ca-'.  Even  with  such  a  high 
doping,  there  was  no  degradation  of 
the  surface  morphology . 


Flea  Relation  between  the  Sl^H^ 
flow  rate  and  the  carrier  density. 


Si2H6  FLOW  RATE  (cc/min) 


3.  Abruptness  of  the  heterostructures 


To  confirm  the  abruptness  of  the  heterostructures.  we  performed  two 
experiments.  One  was  an  Auger  analysis  of  an  AlInAs/GalnAs 
supperlattlce.  The  other  was  photolumlnescence  measurements  of  single 
quantum  wells.  Figure  5  shows  the  Auger  profiles  of  an  AlInAs/GalnAs 
supperlattlce.  which  consisted  of  10  periods  of  47I/47X  supperlattlce  and 
S  periods  of  941/ 94X  supperlattlce.  He  can  observe  a  clear  oscillation 
of  A1  and  Ga  and  perfect  periodicity  was  observed.  Although  the  depth 
resolution  of  the  Auger  analysis  was  not  sufficient  (about  50A  or  less) . 
this  result  confirms  the  very  sharp  interfaces  of  the  AlInAs/GalnAs 
heterostructures . 


SPUTTERING  TIME  ( mi.n.) 

Fig. 5  Auger  profiles  of  an  AlInAs/GalnAs  supperlattlce.  which  consisted 
of  10  periods  of  47A/47X  supperlattlce  and  S  periods  of  94X/94t 
supperlattlce . 
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Figure  (  ahoHS  the  photolualneaoenoe  speotrua  at  4.2K  froa  the  single 
quantua  wells,  whose  width  was  11.7.  23. S.  3S.2.  47.0.  93.6.  and  lOOOA 
with  barrier  layers  SOOX  thick.  Six  photolualnesoence  peaks  froa 
different  wells  are  clearly  observed.  In  fig. 7.  we  plotted  the 
photolualnesoence  peak  energy  as  a  function  of  the  well  width.  Open 
circles  show  our  data,  and  closed  circles  show  the  data  In  the  case  of 
the  HBE  growth  (Welch  et  al  19S3).  Our  data  are  nearly  the  saae  as  the 
data  of  HBE  growth.  The  calculated  curve  Is  also  shown  as  a  solid  line. 
In  the  calculation,  we  asauaed  the  continuity  of  the  probability  current 
density  on  two  sides,  and  Ignored  the  effect  of  non-parabollcity.  The 
physical  paraaeters  used  In  the  calculation  were  suaaarized  in  table  1. 
The  calculated  curve  nearly  fits  the  experlaental  data,  and  it  suggests 
that  the  designed  abrupt  heterostruotures  were  essentially  realized  In 


Fig. 6  Photolualnesoence 
spectrua  at  4.2K  froa  the 
single  quantua  wells  with 
barrier  layers  30oX 
thick. 


Selectively  doped  AlInAs/OalnAs  heterostruotures  with  th7ee  different 
spacer-layer  thicknesses  were  grown.  There  was  an  undoped  AlInAs  buffer 
layer  2(H)oX  thick,  and  the  undoped  OalnAs  layer  was  lOOOX  thick.  The 
spacer  layer  thicknesses  were  0.  25.  and  50X.  and  the  doping  density  In 
n  AlInAs  was  2x10'*ob-'.  We  evaluated  the  electron  aobillty  of  the 
selectively  doped  heterostruotures  at  rooa  teaperature.  To  obtain  the 
data  as  a  function  of  the  sheet  carrier  density,  we  repeated  Hall 
aeasureaents  after  a  brief  chealoal  etching  of  the  n  AlInAs  layers. 
Figure  8  shows  the  electron  aobillty  of  selectively  doped 

heterostruotures  with  varying  sheet  carrier  density  at  rooa  teaperature. 
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Higher  ffloblllties  are  obtained  in  saaples  of  larger  spacer  layer 
thickness.  This  is  natural  behavior  because  the  Coulomb  scattering 
caused  by  the  ionized  Impurities  in  the  n  AlInAs  layers  is  reduced  by 
increasing  the  spacer  layer  thicknesses.  Mobility  beyond  10000  cm>/Vs 
was  obtained  for  the  sample  with  a  spacer  layer  of  50A  in  the  range  of 
sheet  carrier  density  from  lxl0»»om-*  to  2 .5xlO**om-* . 


Fig. 8  Electron  mobility 
of  selectively  doped 
heterostructures  as  a 
function  of  the  sheet 
carrier  density 
measured  at  300K. 


Table  2 


SHEET  CARRIER  DENSITY  (cm-^) 


The  maximum  electron  mobility  of  the  sample  is  summarized  in  table  2. 
These  values  are  nearly  the  same  as  those  of  the  selectively  doped 
heterostructures  grown  by  HBE.  and  higher  than  those  in  crystals  grown  by 
HOCVO  using  triethylmetals  as  source  materials  (Kanada  et  al  1986). 


5 .  HIFETs  (Hetero-Interface  FETs) 

We  fabricated  HIFETs  using  selectively  doped  heterostructures  with  a 
spacer  layer  90A  thick.  The  n  AllnAs  was  SOoS  thick  with  a  doping 
density  of  2xl0‘*om-*.  Figure  9  shows  the  cross-sectional  view  of  a 
HIFET.  The  channel  layers  were  separated  by  mesa  etching.  The  Al  gate 
metals  were  evaporated  and  lifted  off.  The  barrier  height  of  the 
Schottky  Junction  of  Al  and  n  AllnAs  <Nd=2xlO*’om-’)  obtained  from  C-V 
measurements  was  0.63eV,  and  the  value  obtained  from  I-V  measurements  was 
O.SSeV.  These  values  are  somewhat  smaller  than  those  of  GaAs,  but  this 
is  not  a  problem  for  device  operation.  The  ohmic  metals  were 
AuGe(1900X)-Ni(S20X),  which 
were  evaporated,  lifted  off, 
and  alloyed  in  an  H,/N, 
atmosphere  (H,  4%)  at  300*C. 

The  alloying  temparature  was 
optimized  and  is  lower  than 
the  temperature  used  in  the 
case  of  the  AlGaAs/GaAs 
HIFETs.  The  ohmic  contact 
resistance,  measured  by  the 
transmission  line  method,  was 
about  0.31^. 

Fig. 9  Cross-sectional  view  of 
a  HIFET. 
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Fl^re  10  shows  ths  PET  charaoterlstios  of  a  l|ui  gate  HIFET  operated  at 
rooa  temperature.  The  HIFET  shows  good  pinch-off  charaoterlstios.  and  a 
■axiwia  transoonductance  of  404mS/am  was  obtained.  This  value  is  very 
high  compared  with  that  of  an  AlOaAs/OaAs  HIFET  with  the  same  gate  length 
(Tanaka  et  al  1986).  and  nearly  the  same  as  in  the  case  of  MBE  growth 
(Hlrose  et  al  1985). 


6.  Conclusion 


Fig. 10  FET 
characteristics 
of  a  liim  gate 
HIFET  operated 
at  30<X. 

The  maximum  gate 
voltage  is  OV. 


Selectively  doped  AlInAs/GalnAs  heterostructures  lattice-matched  to  InP 
were  grown  by  atmospheric-pressure  I«)CVS  using  trlmethylmetals.  The 
composition  of  the  epitaxial  layers  were  successfully  controlled  by 
varying  the  gas  flow  rates  of  the  source  materials.  High  flow  speed  was 
used  to  obtain  sharp  hetero-interfaces,  and  the  abruptness  was  confirmed 
from  an  Auger  analysis  and  from  the  well  width  dependence  of  the 
photoluminescence  energy  of  single  quantum  wells.  A  selectively  doped 
AlInAs/GalnAs  heterostructure  with  a  spacer  SOA  thick  showed  mobility  as 
high  as  11700cm*/Vs  at  300K.  and  37200cm*/Vs  at  77K.  with  a  sheet  carrier 
density  of  2.6xl0'*cm-*.  A  HIFET.  l|im  in  gate  length,  showed  a  high 
transconductance  of  404mS/aB  at  room  temperature.  These  results  confirm 
the  very  high  potential  of  our  technology  for  high  speed  devices. 
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DC  and  RF  characterization  of  a  planar-doped  double  heterojunction 
MODFET 


Y.K.  Chen,  D.C.  Radulescu,  P.J.  Tasker,  G.W.  Wang 
and  t,.F.  Eastman 

School  of  Electrical  Engineering,  Cornell  University 
Ithaca,  NY  14853  USA 

Abstract.  A  GaAs/AlGaAs  double  heterojunction  MODFET 
structure  with  atomic  planar  doping  layers  prepared  by 
Molecular  Beam  Epitaxy  (MBE)  was  fabricated  and 
characterized.  FET  structures  of  0.  5  x  200  )im  gate 
geoemtry  demonstrated  a  DC  transconductance  of  135  mS/mm 
over  a  broad  gate  bias  range  and  a  zero  gate  bias  current 
of  350  mA/mra  with  a  maximum  channel  current  of  430  mA/mm. 
Both  are  extrinsic  values  measured  at  room  temperature. 
Results  obtained  from  microwave  measurements  show  the  cut¬ 
off  frequency  of  short  circuit  current  gain  (f>p)  of  24  GHz, 
and  the  maximum  oscillation  frequency  of  50  GHz  been 
achieved.  At  10  GHz,  the  device  gave  the  maximum 
efficiency  of  47  percent  with  5.5  dB  gain  and  0.5  W/mm 
output  power  at  a  drain  bias  of  6.5  volts. 

Introduction 


Gallium  arsenide  MODFETs  (Modulation-Doped  Field-Effect 
Transistors)  have  demonstrated  excellent  microwave  performance 
with  very  high  cut-off  frequency  and  very  good  noise 
performance  (Camnitz  1984;  Chao  1985;  Berenz  1984;  Smith 
1985].  However,  the  current  driving  capability  of 
conventional  single  heterojunction  MODFETs  is  limited  by  the 
amount  of  sheet  charge  density  in  the  two  dimensional  channel, 
usually  less  than  1  x  lO^^/cm^.  Therefore,  their  power 
performance  and  switching  speed,  which  are  directly  related  to 
the  current  driving  capability,  were  not  much  better  than 
MESFETs.  In  order  to  achieve  high  sheet  charge  density,  a 
high  doping  concentration  in  AlGaAs  is  generally  used.  This 
leads  to  problems  such  as  low  breakdown  voltage,  low 
activation  efficiency  of  dopants,  and  process  control  problems 
such  as  poor  pinch-off  characteristics  and  threshold  votlage 
uniformity.  Double  and  multiple  heterojunction  devices  were 
then  investigated  (Hikosaka  1986;  Gupta  1985;  .Saunier  1986]  to 
increase  the  current  density.  The  highest  maximum  channel 
current  reported  so  far  is  600  mA/mm  from  a  multiple 
heterojunction  device  [Saunier  1986].  However,  all  multiple 
heterojunction  structures  built  so  far,  were  still  based  on 
uniformly  doped  AlGaAs  layers  to  support  the  two  dimensional 
electron  gases.  So  the  problems  with  heavily  doped  AlGaAs 
layers  still  presist. 
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In  1979,  Wood  11979]  reported  a  GaAs  power  FET  structure  of 
which  the  dopants  were  deposited  on  one  atomic  plane  by 
interrupting  MBE  growth.  The  ultra-thin  doped  layer  resulted 
in  a  FET  structure  with  very  constant  transconductance  and 
gat e- to- sour ce  capacitance  over  a  wide  bias  range.  We  present 
here  a  double  heterojunction  MODFET  structure  which  utilizes 
two  Si  planar-doped  AlGaAs  layers.  This  provides  us  with  good 
charge  control  of  the  two-dimensional  electron  sheet  charge 
density  in  comparison  to  the  uniformly  doped  layers  as  well  as 
better  device  performances.  From  those  double  planar-doped 
HODFET  structures,  we  observed  enhanced  FET  performance  such 
as  higher  breakdown  voltage,  broader  gm  and  gate  capacitance 
curves,  reduced  light  sensitivity  and  threshold  voltage  shifts 
at  low  temperature. 

Device  Structure 


The  fabricated  AlGaAs/GaAs  structure  is  shown  in  Fig.  1,  and 
the  corresponding  energy  band  diagram  under  the  gate  is  shown 
in  Fig.  2.  Since  the  donor  atoms  are  confined  in  a  two- 
dimensional  plane,  the  band  bending  is  linear  and  resulting  in 
broad  g^  and  Cgg  characteristics.  The  structure  is  grown  by 
MBE  on  top  of  I  semi-insulating  GaAs  substrate  in  the 
following  sequence:  5000  n  superlattice  buffer  layer,  200  A 
undoped  AlGaAs,  Si  planar  doped  layer  of  4  x  10^2  /cm2,  lOO  A 
undoped  AlGaAs,  200  a  undoped  GaAs  channel,  50  A  undpj^d 
AlGaAs  spacer  layer.  Si  planar  doped  layer  of  4  x  10l2/cm2, 

400  A  undoped  AlGaAs,  and  400  A  GaAs  capping  layer  doped  to  1 
X  10l8/cm3.  The  mole  fraction  of  aluminum  is  30%  throughout 
all  the  AlGaAs  layers. 

Oavice  Fabrication 


The  double  heteroj unction  MODFETs  were  fabricated  by  using  a 
deep-UV  contact  lithography  and  a  lift-off  technique.  After 
mesa  etching,  source  and  drain  ohmic  contacts  were  formed  with 
Ni/AuGe/Ag/Au  alloyed  at  750  C  furnace  temperature  on  the  cap 
layer.  Using  the  photoresist  as  mask,  the  gate  recess  was 
performed  by  wet  chemical  etching.  Finally,  Ti/Pt/Au  gate 
metal  was  evaporated  and  lift-off  to  form  complete  FET 
structure.  The  gate  length  of  PETs  is  either  1  Urn  or  0.5  Mm 
measured  on  the  mask  with  distance  of  1.5  Mm  between  gate  and 
source  and  gate  to  drain. 

Results  and  Discussion 


Minimum  breakdown  voltage  measured  between  two  adjacent  mesa 
pads  placed  7  Mm  away  on  the  superlattice  buffer  layers  was  40 
volts.  Specific  ohmic  contact  resistance  obtained  from 
transmission  line  patterns  was  typically  0.4  ohms-mm.  Since  a 
phosphoric  acid/perloxide/DI  aqueous  solution  was  used  for 
gate  recess  etching,  it  left  residues  underneath  the  Schottky 
gate  metal  and  caused  variations  in  gate  breakdown  voltages 
ranged  from  3.5  to  19  volts  as  shown  in  Figs.  3  and  4. 

Despite  this  processing  related  problem,  we  demonstrated  that 
the  high  gate  breakdown  voltages  of  19  volts  can  be 
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Figure  I.  Layer  structure  of 
an  atonic  planar  doped  double 
heterojunction  MOOFET. 

Figure  2. 
AFO  double 
MDOFBT. 

Band  diagran  of  the 
heteroj  unction 
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of  a  bad  Schottijy  diode. 


GRAPHICS  PLOT  ••••• 

«1«l  .StamM  DT  V«c  9/1 


Figure  4.  BreaKdown 

characteristics 

of  a  good  Schottty  diode. 
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Figure  5,  Drain  current- 
voltage  characteristics  for  a 
0.  5  X  200  (in  NOOFST. 
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accomplished  by  the  planar  doping  technique. 

Figure  5  shows  the  drain  current-voltage  characteristics  of  a 
0.  5  X  200  )Jm  FET  at  room  temperature.  It  shows  very  good 
pinch-off  characteristics  as  well  as  very  low  output 
conductance.  The  relation  of  DC  transconductance  and  drain 
current  versus  gate  bias  were  plotted  in  Fig.  6  with  drain 
biased  at  2.5  volts.  A  very  broad  peak  of  transconductance 
over  the  bias  variations  was  observed.  By  combining  the  flat 
gate- to- sour ce  capacitance  curve  in  Fig.  7,  this  double  planar 
doped  technique  will  yield  MODFETs  with  very  good  RF  power 
performance  in  terms  of  high  fniax»  high  efficiency,  low 
intermodulation  distortion,  and  fairly  constant  input 
impedance  at  different  power  levels.  The  maximum  extrinsic  g^t 
measured  at  room  temperature  is  139.5  mS/mm  with  a  source 
resistance  of  1.6  ohms-mm  from  the  end- resistance  measurement. 
This  yields  an  intrinsic  gm  of  179  mS/mm.  Fig.  8  shows  the 
drain  I-V  characteristics  of  a  1  x  200  um  FET  at  77K  under  the 
light  and  in  the  dark.  Despite  the  oscillations  from  the 
probe  station,  we  can  see  very  little  I-V  collapse  which  is 
very  pronounced  and  ccxtimonly  seen  in  MODFETs  with  uniformly- 
doped  AlGaAs  layers.  This  can  be  seen  better  in  the  77K 
transconductance  and  drain  current  curve  as  depicted  in  Fig. 

9. 

Data  obtained  from  small  signal  s-parameter  measurements  from 
1  to  19  GHz  of  a  packaged  PET  with  0. 5  x  200  pm  gate  geometry 
shows  a  short-circuit  current  gain  cut-off  frequency  (fx)  of 
24  GHz  with  an  associated  maximum  oscillation  frequency  (fmax) 
of  50  GHz.  The  data  were  extrapolated  from  the  low  frequency 
measurements  with  a  slope  of  6  dB  per  octave.  Power 
measurements  were  performed  at  10  GHz  with  the  diced  device 
mounted  and  wire-bonded  in  a  microwave  fixture.  At  a  maximum 
efficiency  of  47  percent,  the  tuned  device  delivered  a 
corresponding  power  of  0.5  W/ram  and  5.5  dB  gain  with  the  drain 
biased  at  6.5  volts.  The  device  also  exhibited  a  soft  output 
power  compression  curve  as  shown  in  Fig.  10,  hence  it  was 
difficult  to  determine  the  1  dB  compression  point.  At  low 
power  level,  the  tuned  device  gave  12.4  dB  gain.  The  maximum 
output  power  can  be  delivered  by  this  device  could  not  be 
measured  on  our  test  system  which  is  limited  by  the  low 
available  input  power  level  from  the  signal  source. 

Summary 

We  have  demonstrated  a  double  heterojunction  MODFET  structure 
that  utilizes  a  MBE  growth  suspension  technique  to  confine  all 
the  dopants  within  a  ultra-thin  plane  in  the  otherwise 
unintentionally  doped  AlGaAs  layers.  The  fabricated  FETs  with 
0. 5  X  200  Mm  gate  geometry  shows  an  f^  of  24  GHz  and 
corresponding  fmax  QIz.  The  room  temperature  DC 

characteristics  shows  a  very  broad  gm  peak  of  135  mS/mm  with  a 
maximum  channel  current  of  350  mA/mm.  Power  measurements  on 
this  device  at  10  GHz  shows  a  maximum  efficiency  of  47  percent 
with  5.5  dB  associated  gain  and  0.5  W/mm.  At  77K,  the 
fabricated  MODFET  showed  very  little  light  sensitivity  and  no 
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Figure  10.  Power  Performance  of  a 
0.  5  X  200  uni  PET  at  10  GHz. 


I-V  collapse  was  observed.  Therefore,  the  double  atomic 
planar  doped  structure  will  be  a  very  good  candidate  for  the 
high  speed  digital  and  high  power  microwave  applications. 
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Novel  resonant  tunneling  diodes  with  an  In^Gai  .^As  strained  layer  deep 
quantum-well 


Hldeo  Toyoahima,  Yujl  Ando,  Aklhiko  Okanoto  and  Tomohiro  Itoh 

Microelectronics  Research  Laboratories,  NEC  Corporation 

4-1-1,  Miyazaki,  Mlyaoae-ku,  Kawasaki,  213  Japan 

Abstract  This  paper  presents  the  first  successful  fabrication  of 
double  barrier  resonant  tunneling  diodes  with  an  AlAs/In^^a^ _„As/AlAs 
strained  layer  deep  quantum-well.  The  threshold  voltage  Tor  the  onset 
of  negative  differential  resistance  was  controlled  down  to  near 
zero  volt.  The  diode  with  an  Ing  ^Gag  oAs  quantum-well  exhibited  the 
peak-to-val ley  current  ratio  of  13  at  TyK,  which  Is  the  highest  value 
ever  reported  for  double  barrier  structures. 

1.  Introduction 


Resonant  tunneling  transport  has  been  attracting  much  Interest  because 
of  Its  characteristics,  such  as  pronounced  negative  differential 
resistance  (Tsu  and  Esaki  1973)  and  high  speed  charge  transport  (Sollner 
et  al  1983).  It  has  also  been  shown  to  be  applicable  to  ultra  high 
frequency  devices  or  new  functional  devices  (Yokoyama  et  al  1985, 
Bonnefol  et  al  1985,  Capasso  et  al  1985)*  In  order  to  Improve  negative 
differential  resistance  (NDR)  characteristics,  much  effort  has  been  made 
by  changing  structure  parameters  of  the  double  barrier  resonant 
tunneling  diodes  (RTD's).  Its  main  parameters  are  quantum-well  width, 
barrier  layer  thickness  and  barrier  height  (Sollner  et  al  1983, 
Schewchuk  et  al  1985,  Tsuohiya  et  al  1986a, b).  In  this  work,  another 
structure  parameter,  quantum-well  depth  was  changed  and  deep  quantum- 
well  RTD's  were  successfully  fabricated  by  introducing  an  InGaAs 
strained  layer  quantum-well. 

2.  Principle 

Figure  l(a}  shows  an  energy  band  diagram  for  a  conventional  RTD  with 
double  barriers.  Quantum  states  are  formed  in  a  well  and  their  energy 
E„  Is  described  as  follows: 

E„  =  t^/Zm'.Cnn/L^)^  (n  =  1,2 - )  (1) 

where  Is  the  reduced  Planck's  constant,  m*  the  effective  electron  mass 
and  L^  the  well  thickness.  It  Is  known  that  threshold  voltage  for 
the  onset  of  NDR  corresponds  approximately  to  twice  E^, 

Vt  =  2E„/q  (2) 

where  q  Is  the  electronic  charge.  In  order  to  apply  resonant  tunneling 
transport  to  high  frequency  devices  or  functional  devices,  a  high  P/V 
ratio  and  the  capability  of  attaining  threshold  voltage  control  are 
crucial  factors.  In  conventional  structures,  threshold  voltage  Is 
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Fig-1.  Energy  band  dlagraa  for  (a)  a  conventional  RTD, 
(b)  a  deep  quantum-well  RTD. 


determined  mainly  by  well  thickneas  according  to  aqs.(1)  and  (2).  In 
order  to  reduce  threahold  voltage  it  is  essential  to  employ  a  thicker 
well.  However,  the  energy  separation  between  the  resonant  states 
becomes  smaller  and,  when  electrons  are  injected  by  the  resonant 
tunneling  through  the  first  state,  another  excess  current  through  the 
higher  energy  states  becomes  larger,  resulting  in  P/V  ratio  degradation. 

As  another  approach  to  threshold  voltage  control  without  changing  well 
thickness,  we  study  a  deep  quantum-well  structure.  Figure  1(b)  shows  an 
energy  band  diagram  for  a  deep  quantvn-well  RTD,  where  a  quantum-well 
conduction  band  edge  is  lower  than  those  of  contact  regions  by  ^^Eq.  In 
this  case,  threshold  voltage  is  given  approximately  by: 

Vt  =  2(E„- AE(j)/q.  (3) 

Thus  in  the  deep  quantum-well  structure,  a  thinner  well  is  chosen  to 
keep  the  large  energy  separation  between  the  resonant  states.  Then 
threshold  voltage  is  reduced  by  lowering  the  conduction  band  edge  of  the 
quantum-well  byAEQ,  which  leads  to  the  reduction  of  threshold  voltage 
by  2l^EQ/q.  Hence  in  the  deep  quantum-well  RTD,  threshold  voltage  can  be 
controlled  while  retaining  a  high  P/V  ratio. 

3-  Device  Fabrication 


In  order  to  fabricate  a  deep  quantum-well  RTD,  InGaAs  was  used  for  the 
quantum-well.  Figure  2  shows  the  epitaxial  layer  structure  of  the 
fabricated  RTD.  It  consists  of  70A  quantum-well,  30A  AlAs  barriera, 
undoped  spacer  layers  and  lOOoA  Si  doped  N-GaAs  layers  (Njs5x10''om~^). 


Four  kinds  of  RTD's  with  indium 
composition  of  0,  0.1,  0.2  and  0.3 
were  fabricated.  Although  an 
InGaAs  quantum-well  is  lattice 
mismatched  to  AlAs  barriers,  a 
dislocation-free  epllayer,ao  called 
strained  layer,  quantum-well  can  be 
grown  when  the  thickness  of  an 
InGaAs  layer  is  thinner  than  the 
critical  layer  thickneas  given  by 
Matthews  et  al  (1974).  The  present 
quantum-well  thickness  of  70  A  is 
set  to  be  within  the  critical 
thickness.  On  both  sides  of  the 
epitaxial  layers  as  shown  in  Flg.2, 
heavily  doped  N'*'-GaAs  contact 
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Flg.2.  Epitaxial  layer  structure 
for  fabricated  RTD's. 


High-speed  devices 


589 


Fig.3.  I-V  characterlstica  for  diodes  at  77K>  (a)  with  a  Gals 
quantum-well,  (b)  with  an  IOq  ^GaQ  ^As  quantum-well. 

layers  (N^s3x10^^cm~3)  were  put  to  reduce  the  series  resistance.  These 
structures  were  grown  on  senl-lnsulatlng  GaAs  substrates  by  MBE  at 
growth  temperature  of  600  *C.  The  diameter  of  diodes  Is  lOO^m. 

4.  Results  and  Discussions 


Figure  3(a)  and  3(b)  show  I-V  characteristics  for  the  diodes  with  a  GaAs 
quantum-well  and  an  In^jOaQ  gAs  quantum-well  at  77K,  respectively. 
They  exhibited  clear  NDR  even  at  room  temperature.  When  they  were  cooled 
down  to  77R,  the  valley  current  was  significantly  reduced,  resulting  In 
a  very  high  P/V  ratio.  The  I-V  characteristics  for  both  diodes  were 
symmetric  with  respect  to  the  voltage  origin,  confirming  the  symmetry  of 
grown  heterostructures.  The  P/V  ratio  for  the  GaAs  quantum-well 


structure  was  10.  That  for  the  Ing  .^GaQ  a 
as  high  as  13,  which  Is  the  highest 'val tie 
ever  reported  for  double  barrier  RTD's.  It 
Is  confirmed  that  even  when  the  strained 
layer  Is  used  for  the  quantum-well,  very 
sharp  hetero  Junction  Interface  Is 
obtained.  Threshold  voltage  for  the  GaAs 
quantum-well  structure  was  340mV  and  that 
for  the  Ing^^GSg  gAs  quantum-well 
structure  was  reduced  to  ISOmV.  It  is 
noted  that  the  I-V  characteristics  around 
zero  bias  for  the  Ing  ^Gsg  gAs  quantum- 
well  structure  Is  fairly  ifnear  compared 
with  the  nonlinear  characteristics  for  the 
GaAs  quantum-well  structure. 

In  Flg.4,  the  peak  current  and  the  valley 
current  of  the  fabricated  diodes  ,and 
their  ratio  are  plotted  against  Indium 
composition  of  the  quantum-wel l.The  peak 
current  decreases  monotonously  with  the 


As  quantum-well  structure  was 


0  0.1  0.2 


Increase  of  the  indium  composition.  The 
valley  current  decreases  more  steeply  than 


In  COMPOSITION 


the  valley  current  does  from  the  indium  Fig.4.  Peak  current,  valley 
composition  of  0  to  0.1.  Then  it  tends  to  current  and  P/V  ratio 
saturate.  Therefore,  the  P/V  ratio  has  a  vs.  quantta-well 
peak  at  the  Indium  composition  of  0.1  and  Indlus  composition. 
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its  vslus  is  as  high  as  13*  It  is  also 
notsd  that  a  high  P/V  ratio  is  obtainad 
at  the  indiuB  eoaposition  betwean  0  and 
0.2. 

Tha  tbrashold  voltaga  for  tha  fabricatad 
diodas  is  plottad  against  tha  indiun 
conposition  of  tha  quantua-twl  1  in  Fig.5. 

Tha  incraasa  in  tha  indiun  conposition 
fron  0  to  0.2  raducas  tha  thraahold 
voltaga  froa  340  to  30  aV.  Tha  dioda  with 
indiun  eonposition  of  0.3  axhibitad  no 
NDR.  Tha  possible  reason  la  that  tha 
first  resonant  state  lies  below  the 
conduction  band  edge  of  the  N-GaAs 
layers.  A  theoretical  estlnatlon  fron  the 
obtained  threshold  voltage  shift 
indicates  that  a  conduction  band  offset 
between  In-Ga^__As  and  GaAs  corresponds 
to  about  60%  of  the  band  gap  difference 
calculated  fron  Vegard's  law.  The  details 
of  discussion  will  be  published 
elsewhere.  It  la  thus  denonatrated  that  threshold  voltage  can  be 
controlled  down  to  near  zero  volt  by  using  the  present  InGaAs  deep 
quantun-well  structure,  still  retaining  a  large  P/V  ratio. 

S.  Sunanry 

The  resonant  tunneling  diode  with  a  deep  quantua-well  structure  was 
fabricated  by  introducing  an  InGaAs  strained  layer  for  the  quantun-well. 
The  peak-to-valley  current  ratio  of  13  was  obtained  at  77K,  which  is  the 
highest  value  ever  reported  for  double  barrier  resonant  tunneling 
diodes.  In  addition,  the  threshold  voltage  can  be  controlled  fron  340  to 
30  nV  by  changing  the  indiun  eonposition  of  the  InGaAs  quantun-well. 
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